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1995  Class  B  Firefighting  Doctrine  and  Tactics:  Final  Report 


1.0  INTRODUCTION 

The  use  of  Class  B  fuels  aboard  Naval  ships  presents  unique  challenges  when  leaks  and/or 
fires  deveiop.  As  opposed  to  Ciass  A  materials.  Class  B  fuels  tend  to  volatilize  more  quickly 
resulting  in  either  rapidly  growing  fires  or  the  build  up  of  fuel  vapors  within  the  space.  The 
buildup  of  sufficient  vapors  within  the  space  can  lead  to  one  of  two  potentially  explosive 
conditions.  The  two  explosive  conditions  are  differentiated  based  on  the  oxygen  concentration 
within  the  space.  For  example,  a  fuel  leak  may  occur  in  which  the  fuel  is  either  finely  atomized 
due  to  a  small  break  in  a  fuel  line  or  the  fuel  is  sprayed  unto  a  hot  machinery  surface  which 
causes  the  fuel  to  vaporize.  In  either  case,  fuel  vapor/aerosol  fills  the  space  under  conditions  of 
near  ambient  oxygen  concentrations.  As  the  increasing  fuel-to-air  mixture  reaches  or  exceeds 
the  lower  explosive  limit  (LEL),  an  ignition  source  is  all  that  is  required  to  cause  an  explosion. 

The  second  explosive  condition  occurs  when  there  is  insufficient  oxygen  within  the  space  for 
combustion  of  the  fuel.  This  scenario  is  likely  to  occur  as  a  fire  space  is  secured  and  the  fire  is 
extinguished.  Residual  fuel  or  an  unsecured  fuel  source  can  continue  to  produce  a  fuel-rich 
environment  within  the  vitiated  space.  However,  without  sufficient  oxygen  the  fuel  cannot  bum. 
The  potential  hazard  arises  when  the  space  is  reentered.  Breaches  to  the  fire  boundary  can 
cause  air  to  flow  into  the  fire  space,  thus  creating  a  combustible  mixture  and  an  explosion  (i.e., 
backdraft).  A  detailed  discussion  of  the  development  of  hazardous  conditions  aboard  Naval 
ships  is  included  in  reference  (1)). 

Although  Class  B  explosions  are  not  frequent  events,  reports  indicate  that  they  do  occur  with 
substantial  damage  to  the  ship  and,  of  more  importance,  deadly  consequences  for  sailors.  The 
fatal  incidents  onboard  the  USS  BENNINGTON  and  USS  MIDWAY  are  examples  of  such 
explosions  that  have  occurred  on  Naval  ships  (reference  (2)).  Anecdotal  reports  indicate  that  the 
frequency  of  Class  B  explosions  may  even  be  higher  than  recorded  due  to  the  lack  of  circulation 
of  written  accounts  or  full  documentation  of  events.  Regardless  of  the  actual  frequency,  the 
nature  of  Class  B  fuels  to  easily  create  dangerous  reflashes  and  explosions,  particularly  during 
reentry  procedures,  warrants  study.  This  is  particularly  true  since  current  Navy  doctrine  lacks 
specific  details  with  regards  to  reentry  and  overhaul  procedures. 


1.1  Current  Navy  Doctrine 

The  Navy  firefighting  doctrine  for  machinery  space  Class  B  fires  in  surface  ships  is 
presented  in  NSTM  555  (reference  (3)).  The  following  excerpts  give  a  summary  of  the  key  points 
that  pertain  to  ventilation,  boundary  zones  and  reentry  of  the  fire  space  for  controllable  fires. 
During  a  class  B  fire  NSTM  555-6.3.5.5  states  that  "negative  ventilation  (exhaust  on  high  and 
supply  on  low)"  should  be  set  in  the  affected  machinery  space  while  "positive  ventilation  (supply 
on  high  and  exhaust  off)"  should  be  set  in  unaffected  machinery  spaces.  "Setting  positive 
ventilation  is  intended  to  prevent  smoke  on  the  damage  control  deck  from  entering  unaffected 
spaces."  In  addition,  fire  and  smoke  boundaries  are  to  be  set  around  the  affected  space  to 
prevent  the  spread  of  fire  and  smoke  throughout  the  ship.  The  proceeding  guidelines  are  for 
controllable  fires,  and  therefore,  fire  space  reentry  is  not  an  issue. 
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anJ  ol?™!  ^  out-of-control  fire,  the  space  is  evacuated  and  ventilation  in  the  fire  space 

(Section  6.3.6).  Section  6.3.7.2  states  that  "inner  and  outer 
smoke  boundanes  shall  be  set  quickly  around  accesses  to  the  affected  space  ...  The  area 
be^en  the  inner  wd  outer  smoke  boundaries  is  designated  the  buffer  zone  and  shall  be  a 
an?*  .f  b0“"dary  nearest  the  fire  is  designated  as  the  inner  smoke 
bouiidapr  and  normally  coincides  with  the  primary  fire  boundary"  (Section  5.3  2  6  2)  The  outer 

?? '  boundaries  are  generally  the 

watertight  bulkheads  and  decks  immediately  adjacent  to  the  affected  space  (Section  6^3.8.3) " 

S??  nurnerous  existing  ship  designs,  buffer  zones  can  range  in  size  from  a  vertical  trunk 

zonel^LteSa -rf  ventilation  is  to  be  secured  in  the  buffer 

zone  to  estebiish  a  "dead-air  space"  (Section  6.3.7.2).  "Establishing  the  buffer  zone  is 

the  possibility  of  fire  or  explosion  if  hot  combustion  gases  from  a  Class  B  fire 

Sr  B  Sif ™'  *>» 

the  8*  possible,  to  attack  and  extinguish 

the  fir-e  and  ensure  the  source  of  fuel  is  secured  (Section  6.3.10).  Guidance  is  given  to  the  time 

of  the^sTem>I  be  attempted  based  on  the  extinguishing  system  used  and  the  success 
extinguishing  the  fire.  However,  there  is  little  guidance  with  regards  to  the 

Se  fi?efioht?nn  procedure  even  though  "reentry...is  the  most  critical  part  of 

SSSTnirfh  wslork.  in  addin, 

^v^nlaasfl^oTons  o' 


1.2  Series  1  Testing 

The  1995  Class  B  Firefighting  Doctrine  and  Tactics  Test  Series  1  (reference  (4))  was  to 
®  conditions  which  could  lead  to  the  venting  of  flammable  gases  to 
adjoining  decks  and  compartments  from  a  below  decks  Class  B  fire.  These  conditions  were 

ventilation  provided  to  the  fire  compartment.  The 
Snt?arof  fh?f  ®"°"  ®x<amined  as  a  possible  means  to  monitor  the  explosion/reflash 

Lpellul  andTu^^^^  such  as 

The  results  from  these  small  compartment  tests  highlight  the  conditions  and  hazards 
assoaated  vvith  Class  B  fires.  Under  burning  conditions,  the  fires  can  produce  high  levels  of 
toxic  gases,  high  temperatures,  and  even  the  transport  of  flammable  gLes  Hov?ever 

very  fuel-nch  burning  conditions  proved  to  be  difficult.  In  order  to  sustain  burning  at 

O^eiv^a  pp  ppapp  to  the  base  of  the  (ire 

^  '?*'■  “"tPPPtion  Bases  would  descend  to  the  base  of  the  (ire 

maehii^fv  staived.  It  is  not  clear  whether  the  phenomenon  would  occur  in  full  size 

m^inery  space  before  surfaces  become  hot.  As  expected,  this  result  indicates  that  Class  B 
spray  fires  are  easily  extinguished  under  poor  ventilation  conditions.  Several  fires  did  se?f? 

even  with  the  inlet  duct  in  place.  The  fires  that  self-extinguished  resulted  in  the 
Ih^f  r  ®  ®  ^“®'  ®®'*°5o'  outside  of  the  fire  compartment.  For  two  of 

SSnr  liJ  ffl®  ”'®  ooourred  with^  a  minute  of  the  fire 

e^inguishing.  In  both  cases,  jets  of  flame  and/or  fire  balls  shot  out  of  the  vents  in  the  fire 

Sp3C6« 
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several  modes  of  external  burning 

SS?ed^hT^.  ^  d  M  7  compartment.  For  these  tests,  the  Ignition  Index  criterion 
Lch  that  susran.STumi!lg°«n  ra^^^^ 

nroIIlM^ef  ^  results  highlight  the  conditions  and  hazards  associated  with  Class  B  fires  Of 

of  Class  B  fires  to  extinguish  and  quickly  aeate  an 

the  deieteomen?nfTN  after  Series  1.  goals  of  the  program  were  adjusted  to  investigate 
the  development  of  Class  B  explosions  and  possible  tactics  that  could  be  used  to  mitigate  the 
^osion  potential  of  fire  compartments  that  have  been  secured.  This  report  presents  the  work 

proTrarrT*^ ^  ^  ®  Firefighting  Doctrine  and  Tactics  test 

2.0  OBJECTIVE 

develoomemal^ri  ^  ® a  scientific  understanding  of  the 

ma^n  Ss  m  consisted  of  three 

main  points.  (1)  determining  the  conditions  needed  for  developing  a  Class  B  explosion 

Svdoorelirof  ^nditions  (e.g.,  buffer  zone  size  and  ventilatiori)  on  the 

era  mitSg  tfir  determining  the  effectiveness  of  using  water  spray 


3.0  APPROACH 

laei«°  OT  'he  effectiveness  of  preventive 

^  °  ^  created  in  a  repeatable  test.  As  described  above  there 

mixt^Je  in  i  nom^ownf  ®"  explosion:  (1)  formation  of  a  combustible  fuel-air 

Sh) Ji^eTSls^nra s^ST  ■  " ® '"vironment (insufficient 
!lhoi  =  ^  ^  1-  an  ignition  source  is  needed  to  produce  an 

xplosion,  where  as  in  scenano  2  both  an  ignition  source  and  sufficient  oxygen  are  needed  In 

S"d  not  ‘‘®"S®™®®  ®®  ® '®®‘  ooonano  sinci the  determining  factor 

nnldM^inn  ^  presented  an  additional  hazard  of  potentially 

Sd  Ss^tirious  dam^!  *’*  ®'  ®’®  S'^olore-  Such  explosions 

could  cause  senous  damage  to  the  ship/test  compartment  and  injury  to  test  personnel. 

malnef^UDon^IIlfn'Ii!^^^  ^  scenario  2  type  explosion  could  be  created  in  a  safe  test-oriented 

up  a  fire  space,  the  fire  extinguishes  as  it  becomes  oxygen  starved 
Fuel  which  continues  to  flow  into  the  space  will  vaporize  due  to  the  hotgas  aSirfa^ 

temperatures  Although  the  hot  surfaces  are  sufficient  ignition  sources  ^the  gases  within  the  fire 
space  will  not  ignite  until  additional  air  enters  the  space  From  a  testing  stLdooInMWs  il « 

nirf  rho  lif  ® l^u  ®'!!f  ^^®  ^‘^^'•rich,  hot  compartment  while  the  hot  fuel-rich  gases  flow 

Samf  ion  to  n°rL^^n::>-  ^  '“®'^'="  ^asea  mix  along  «,a  imerfto  o^Te 

TWO  now  yearns.  Ignition  occurs  once  a  flammable  mixture  is  formed  and  it  comes  in  contact 

^aL*l!Shirthl  surface  The  resulting  deflagration  will  cause  the  gases  to  heat  and 
fl™  ?  ^'■®  ®P®®®'  forcing  unbumed  gases  out  of  the  open  vent  ahead  of  the 

flame  front.  These  gases  will  mix  with  additional  air  outside  of  the  fire  soacr  As  thl 
penetrates  the  doorway,  it  ignites  the  gases  outside  the  space  resulting  ?n  a  fire  ball  and  a  blast 
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Fig.  1  -  The  development  of  a  backdraft  explosion. 
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phenomenon  from  the  gravity  current  to  the  blast  wave  is  termed  a 

The  ba^draft  explosion  phenomenon  is  not  a  restrictive  case  study.  The  two  exolosion 

l*«ly  ‘0  He  sealed  when  the  explosion  occurs  than  in  scenario  2 

"density  blasts.  The  following  description  of  a  scenario  1  event 
explains  how  the  two  scenanos  are  related. 

®  spray  in  a  space.  As  fuel  vapor/aerosol 

®  fuel-rich  region  near  the  fuel  source  such  that  it  is  too 

Si  ®  ®°^rae,  the  fuel  dissipates  enough  to  mix 

wth  air  and  create  a  flammable  mixture.  At  even  a  greater  distance  from  the  source  Sre  fuel 

*^®  ^"“nfration  of  oxygen  is  21  percent.  Ignition  can  only  occur 
wthin  the  intermediate  zone  where  the  flammable  mixture  exists.  Depending  on  the  size  of  the 
space  arid  the  time  duration,  the  space  will  continue  to  fill  with  fuel  to  form  an  increashdy  laroer 

'be  upper  explosion  limit  (UEL).  In  this  oase  (which  is  the  same  as  scenario  2) 

ignition  can  not  occur  until  addibonal  air  is  introduced  into  the  space,  in  both  scenarios  once 

emi^Id  m  "’“■i  °  proportions,  the  ensuing  deflagration  and  explosion  are 

^  ^  ^  ‘‘ifference  will  be  that  in  scenario  1  the  deBagralion  will  ocour 

dWuSS^  temp's  •"  ^  Heflagration  Is  more  llmllar  to  a 

Skdmn  •°  1’™''““  Higher  intensity  explosions, 

backdraft  testing  (scenano  2)  represented  a  lower  bounding  case. 

sceIario?Sh^Sl^H  hi  H®"®®  i  ‘‘®''®'°P  raproducible  backdraft 

scenanos  which  could  be  used  as  a  basis  to  study  the  development  and  mitioatlon  of  Class  B 

that  were  studied  included  (1)  the  amount  of  fuel  ^ 
needed  for  an  explosion.  (2)  the  effect  of  buffer  zone  size  on  the  development  of  a  bad^Sraft 
xp  osion,  (3)  the  effect  of  creating  a  dead-air  buffer  zone  on  the  development  of  a  backdraft 
plosion,  and  (4)  the  amount  of  water  needed  to  mitigate  a  backdraft  from  oceuirino  For 
safety  reasons,  the  first  tests  (Series  2)  were  conducted  outside  in  a  oo^aSSS^m  mat  vemed 

Initid  tests  (Series  2A)  were  conducted  at  the  Naval  Research  Laboratory  Chesaoeake 
Beach  Detachment  (CBD)  during  the  period  of  March  22-28,  1995.  These  tests  were^successful 
®  ‘’®°‘^'^raft  scenarios.  However,  the  ability  to  create  a  suitable  reprodudWe 
backdraft  test  was  not  achieved.  Therefore,  a  second  set  of  tests  at  CBD  fSeries  u/ae 
«nduct.d  May  e-12, 1995.  The  main  purpose  of  the  CBD  sJ^?/,^s  ,o  ch?ro^® 
ne<»ssary  conditions  for  creating  a  safe  backdraft  explosion  test.  The  effectiveness  of  usino 
VKIOUS  amounts  of  water  spray  injection  was  also  studied  during  these'S  ® 

..  If®'  ®“™Hos  developed  at  CBD  during  Series  2  were  used  to  develop  similar  backdraft 
^  OTboart  the  ex-USS  SHADWELL  The  first  tests  on  the  ship  (Series  3)  werrondSa^ 
tom  June  19-30  1995.  Development  of  backdraft  conditions  onboard  a  ship  presented  an 

of  the  eSI^to  orSduMhior^^  *"  ®'’®"  ®'  actional  conBnes 

the  ba^kdmTHfni?iv  ^ '  ^^“‘““jHflHer  maximum  pressures  within  the  main  fire  space  as 
the  backdraft  deflagration  occurred.  Therefore,  the  primary  objective  of  Series  3  was  to 

Lr^r^MS  ®'’f “  ®  ®®'®'  ^P'HX^Hible  backdraft  test 

scenano  was  then  used  as  a  baseline  for  evaluatino  various 
buffer  zone  ventilation  schemes,  such  as  the  establishment  of  a  dead-ak  zone 
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conducted  aboard  the  ex-USS  SHADWELL  from  July  31  to  August  1 1 
focused  on  studying  the  effect  of  reducing  the  size  of  the  buffer  zone  with 
espect  to  the  fire  space.  Both  fully  ventilated  and  dead-air  conditions  were  evaluated.  The  use 
of  water  mitigation  was  also  investigated. 


Test  Senes  5  was  conducted  aboard  the  ex-USS  SHADWELL  from  September  1 1-15  1995 

JUlf  m  ®  firefighting  and  tactics  workshop.  The  objectives  of  the  workshop 

were  (1)  to  review  and  demonstrate  lessons  learned  during  the  Series  1-4  testing,  and  (2)  to 

^  recommendations  for  the  FY  96  Machinery  Space  Fire  Doctrine  testing  The 
^  test  demonstrations  consisted  primarily  of  repeat  conditions  studied  in  Series  3  and  4.  The 
I  AKTT  rriembers  representing  NAVSEA  03G,  CINCLANTFLT  NDI  ATG 

SWOSCOLCoSr^^’  ^  CINCPACFLT  PEB,  MSC  Fire  School,  and 


4.0  EXPERIMENTAL  SETUP  AND  PROCEDURE  FOR  SERIES  2 

^  elevation  view  of  the  overall  test  compartment  and  layout  of 

deeo  bv  2  44  m  ®  ®‘®®'  structure  measuring  2.44  m  wide  by  4.88  m 

®  ^  by  16  ft  deep  by  8  ft  high)  with  a  volume  of  29  m^  (1024  ft^).  The 
^  space  was  through  a  door  on  the  west  end  of  the  compartment.  The  door 

wa«  °A  ®  in.  by  66  in.)  and  was  positioned  on  the  left  side  of  the  west 

back  of  thp  romntlm  f  *°'^'^3bon  fuel  nozzle  (Bete  P-series)  was  positioned  In  the 

eama  ^'^P^rtrnent,  0.9  m  from  the  north  and  east  walls.  Except  for  tests  BD2-8,  the 

wlrtir.? *^®  P'‘®‘^“'^  ^re  and  the  secondary  fuel 

provided  accurate  control  over  the  amount  of  fuel  injected 

fnlS  ^  ^^®  calculated  based  on  the  pressure  of  the 

miiir^V^®  *12^®  *  *^®  "°“*®  coefficient.  The  nozzle  flow  coefficients  were  obtained  by 

tha  *  ^^®  f^^nufacturers  flow  coefficient  based  on  water  by  the  square  root  of  the  ratio  of 

Lstno^fh^P  '^®  ^  calibration  of  this  system 

using  these  flow  coefficients  is  presented  in  reference  (4)).  ^ 

a  ®"^  was  instrumented  with  two  thermocouple  trees,  a  bulkhead  thermocouple, 

Other^SS  *  sampling  lines  for  oxygen  concentration  measurements. 

MDturfboth^  ''‘'^®°  P^°^°9'’®P^y-  Two  video  cameras  were  used  to 

MmpStment  ^  '''®'^  ^'■®  ’  ® '''®'"  ^^’®  a  north-side  view  of  the 

In  general,  tests  consisted  of  establishing  a  hot,  vitiated  (less  than  10  percent  O,) 

!nrfT«TtlV"®'l®  *5®  ^^'TP^rtment  by  burning  a  No.  2  diesel  spray  fire  and  securing  the  fuel 
^®^?k®  *^®  ^'^®  ®®'^‘®’^''’9“'sbed.  A  known  amount  of  No.  2  diesel  fuel  was  then 
AfS?fh  *be  cornpartment  and  allowed  to  vaporize  and  mix  with  the  combustion  gases 

For  the  test^imed  I'J ^  ^^®  remotely  opened  to  induce  the  backdraft. 

comnartm^nt^Ti^?  ®*  studying  backdraft  mitigation,  water  was  sprayed  into  the  center  of  the 
compartment  between  the  time  the  secondary  fuel  was  secured  and  the  door  was  opened. 

1  ®®^®  experiment  was  dependant  on  maintaining  the  oxygen 

TOnwntration  below  the  lower  oxygen  index  (LOI)  while  flowing  the  secondary  fuel  into  the^pra- 

^®®i®‘^  u®."*  ^'■®  ’  ®”®''  *^®  ^'■®  extinguished).  The  objective  was  to  avoid  the 

^^®  *°'^®'‘  “PP®'’  flaf^mability  limits.  A  worst 

^®~  ®  « ^^nite 


6 


8 


developed  on  the  premise  of  burning  a  stoichiometric  fire  so  that 
minimal  excess  air  or  fuel  in  the  compartment  at  the  time  the  door  was  closed.  Using 

deleminf  fhr  area  Of  Opening  and  h  the  height  of  the  opening),  to 

»ka  /IT  !r  *  flow  rate  into  the  compartment  and  a  stoichiometric  fuel-to-air  ratio  of  0.068 
Ind  2.1  MW  {Z.6  Ipm  (0.96  gpm)).  Upon  reaching  steady-state  temperatures 

Th?«  ^  percent  or  less  in  the  upper  layer,  the  door  was  secured. 

®  5  s  after  the  door  was 

assurina^at!T^l?  ®^r®  further  consume  the  remaining  oxygen  while 

''®  fuel  was  not  sprayed  Into  the  compartment.  The  door  was  closed  and 

hAnan^  ^  '*0°''  3  stop.  As  the  test  series  progressed,  the 

fihf r  wtntl  ^C^'S  ®  compartment.  A  gasket  of  ceramic 

T^^f/.aH  ^4?  (Fiberfrax)  was  used  to  seal  the  door.  As  a  result,  the  space  was  not  air  tight. 

2ieIS»n  a!Iri  U  leakage  around  the  door  during  the  secondary  fuel 

injection  and  the  subsequent  hold  time  before  the  door  was  opened. 

flo  JIl^r^Trn-T  ‘"T  ®o"’Partment  was  injected  60  seconds  after  the  initial  fuel 

ihTf  mjection  time  was  60  seconds.  The  60  second  delay  was  to 

toTfnThe  iaa  a?  f  Compartment  gases  to  mix.  Due  to  the  transport 

wTrVhaTfttTttil  rT /II"®  ®T’  ^'"^®  '^®®  ^2  concentrations 

narranf  h'^  ^^i®  '*2  percent).  Measured  concentrations  were  below  10 

percent  by  volume  before  secondary  fuel  was  injected. 

harkS^ft  nl!®“"'^®'^  fud  injection  was  complete,  the  door  was  opened  to  induce  the 

S^dnlTn^A  r  T®"®T  ®P®"®'I  remotely  using  two  ropes,  one  to  dislodge  the 

ftSi  flow  and  fha  o°nTn  i  ®P®"-  ®®''®'®'  '^®'®y  *‘^®®  ‘'®^®®"  t^’®  secondary 
Ia!L”T^  ^  T  ®P®"'"9  ®^  ^^®  '^®re  studied  (0, 10.  30.  120.  and  240  s).  The  majority  of 

enou^^flmS^fll?"^!'^  T^k®  ®  '*®'®^‘  ^^®  '^®^®'’  '"'flsaflon  fests.  this  delay  provided 

I?  ®  °  ‘^®  ^P^^y®"*  fli®  center  of  the  compartment  between  the  time  the 

TFWC  noateTse^^^^  ^''®  ®P®"®''-  ^^ierv,as  sprayed  using  a 

securS  Thfl  seconds  after  the  secondary  fuel  was 

usXhii J^hfow  ^  ®"  ®®®®'®^®  quantifying  the  water 

used  while  obtaining  good  dispersion  within  the  space. 

^®®^®  performed  consisted  of  burning  the  initial  fire  and  proceeding 
with  the  standard  procedure  except  that  no  secondary  fuel  was  injected  These  tests  were  usL 

fi’re'to^SdSL  *>*  '«*=  an<i  lo  verify  tire  success  of  the  IniUal  design 

I  ®‘'®"  ®®^'®''®  steady-state  conditions.  The  volume  of 

thilmn.m/nf  T?  ®y®*®'^®^‘®®"y  ^Creased  for  subsequent  tests.  For  Series  2  tests 

the  amount  of  fuel  ranged  from  1  to  7  liters  (0.25  to  1.9  gal). 


5.0  EXPERIMENTAL  SETUP  AND  PROCEDURE  FOR  SERIES  3-5 

fdelianlfpi^Tr  p“'^®‘^d‘'°®'?  f SHADWELL  were  conducted  in  spaces  3-16-1 
FrSwm?  a  Pump  Room)  and  3-16-OIL  (designated  as  an  Emergency  Generator  Room 

we^stuSL^  ^7  *‘'®®®  *®®*  ®®"®®-  ^^^®®  '^‘ff®''ent  buffe7 cone  configurations 

were  studied.  (1)  Buffer  Zone  EGR .  (2)  Buffer  Zone  1,  and  (3)  Buffer  Zone  2  These  three 

^  s^uTdedl  wall!  ^®®P®®^‘''ely.  Buffer  Zones  1  and  2  were  created  using 

we  SDa<^ero?c!i^^^^  SyP®®'"  '^®"  ‘'®®rd-  All  joints 
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20  15  1 


Fig.  4  -  Third  deck  plan  view  showing  test  closure  for  Buffer 
Zone  EGR.  0  indicates  open,  C  indicates  closed. 


8.5 


10.4  m 


25  20  15  10 


Fig.  5  -  Third  deck  plan  view  showing  test  closure  for  Buffer 

Zone  1 .  O  indicates  open,  C  indicates  closed,  T  indicates 
test  dependent. 
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20  15  10 


Fig.  6  -  Third  deck  plan  view  showing  test  closure  for  Buffer 

Zone  2.  O  indicates  open,  C  indicates  closed,  T  indicates 
test  dependent. 
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Table  1.  Buffer  Zone  Configurations  Studied  in  Series  3  to  5 


Primary  Door 

(ff) 

191 

6729 

QWTD  3-22-1 

104 

3657 

D  3-20-1 

20 

715 

 D  3-17-0 

The  general  approach  for  each  buffer  zone  was  to  study  the  development  of  a  backdraft 
explosion  under  two  buffer  zone  conditions:  (1)  full  ventilation  and  (2)  dead-air  Ventilation 

th^rven1la«on 

dutts  at  2-15-1  and  2-15-2  and  exhausting  to  weather.  Fig.  7  shows  the  location  of  the 
ventilation  ducts  in  the  second  deck  space  directly  above  the  third  deck  test  area  For  all  buffer 
^  wnfigurauons  Are  .ffluen.  exhausted  thmugh  WTH  2-20-2  and  then^raug"  !he 
econd  de(^  ventilation  ducts.  Full  ventilation  consisted  of  operating  both  El-15  fans  at  100 
petcent  with  WTH  2-20-2  and  the  phmary  buffer  zone  door  open  (see  T^le  1)  A  dea“air 

I'^aiStihA  nrimf!^ Securing  both  El-15  fans  and  covering  WTH  2-20- 
2  and  the  pnma^  buffer  zone  door  with  a  smoke  blanket  and  curtain,  respectively  Several 

El’^l'l  fanri  fir  also  used  during  a  few  tests.  These  included  opLting  the 

El-15  fans  at  reduced  capaaty  and  also  using  a  standard  desmoking  setup  The  desmokino 

setup  insisted  of  stacking  2  box  fans  within  WTD 1-15-2  and  drawing  the^fire  gases  in  the^ 
second  deck  up  through  WTS  1-19-2.  through  the  ship  fitter's  shop  and  out  onto  the  foc-Ite 

During  the  prebum  period,  full  ventilation  was  used  in  order  to  supply  sufficient  air  for 
maintaining  the  fire  and  as  a  safety  measure.  Maintaining  optimum  visibility  was  critical  as  the 

h?«  ®  the  closure  plan  wL  the  same  for 

each  buffer  zone  configuration.  Except  for  QWTD  3-18-3  and  D  3-18-0  an  closures  remained 

the  same  throughout  the  entire  test.  QWTD  3-18-3  was  closed  but  not  dogged  during  the 
procedure  of  opening  the  fire  door  to  start  the  backdraft  explosion.  All  doore  aft  of  frarne  3-22 
explosion  '^®®ther  to  provide  the  maximum  ventilation  opening  for  diffusing  the 

The  small  size  of  Buffer  Zone  2  and  the  position  of  door  3-17-0  with  resoect  to  the  fire  door 
produMd  high  air  velocities  by  the  fire  door.  This  high  velocity  flow  disrupted  the  ^ical 

to^ohfJn  subsequently  disrupted  the  preburnfire  In  order 

to  obtain  a  more  satisfactorily  burning  fire,  a  large  double  door  (D  3-18-0)  was  opened  uo  durino 

^  ‘ Zone  2  with  the  ZS  tiS  ^ 

efmZl 'es ^5™“ h  hi ^ ^ 

were  o.so  m  by  1.68  m  tall  (26  by  66  in.)  (i.e.,  a  standard  Navy  door). 

The  primary  test  setup  consisted  of  a  No.  2  diesel  spray  fire  in  the  Pumn  R^om  «,hi^h 
exhausted  into  the  adjoining  buffer  zone  through  WTD  3-17-2  The  Pumo  Room  had  an  onen 
^me  of  approximately  35  (1234  fl>)  with  Ine  main  o|»ning  u,roughWD^17^  [tested 

SZT *’* obstructions  in Uie  s|ice due tote^  JenLZ"*' 
^  'hduded  in  reference  (4)).  As  shown  In  Fig.  5,  there  was  a  0.3  m  duct  in  Z  Zrhead 

remained  closed  via  a  butterfly  damper  The  duct  was 
initially  installed  to  allow  venting  of  over  pressure  during  water  injection  from  me  fire  space  to 
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Second  deck  plan  view  showing  test  closure,  O  indicates  open,  C  indicates  closed. 


Mus^roldeck  space  above  rt.  However,  there  was  sufficient  leakage  in  the  compartment  that 
gening  the  duct  was  never  required.  All  possible  efforts  were  made  to  maintain  the 

o'  '®o“"9  ™=le  this  a  continuous  task 

u  ®  '*“''090  "'"imized;  and  In  oases  where 

a  substantial  leak  did  occur  the  test  results  indicated  it. 

o«  Ji?  was  used  for  Series  3-5  as  used  in  Series  2B.  Tests  consisted  of 

JSwt'fhl"®  ®  (measured  concentrations  less  than  10  percent)  environment 

hdffn^  «h  wmpartment  by  burning  a  No.  2  diesel  spray  fire  and  securing  the  fuel  and  door 

f?eTw«^J« .fi?  f  f  *^®  cof^bustion  gases.  After  the  secondary 

S  slJteV?  w®J  remotely  opened  to  Induce  the  backdraft.  Similar  to  the  majority 

of  Senes  2  tests,  there  was  a  60  second  delay  between  closing  the  door  and  starting  the 

®  ^®'®y  between  the  end  of  secondary^fuel  flow 

opsi^mg  of  the  door.  For  the  tests  in  which  water  was  Injected  Into  the  space  this  delay 

‘^®  ®P^®y®''  '"<0  ^be  center  of  the  compartmenrbetvlieen  the  ^ 
bme  the  secondary  fuel  was  secured  and  the  door  was  opened.  Water  was  sprayed  using  a 

12  Th- ®  30  seconds  after  the^ sewndary^fuel 

m^h  '"J?®bon  system  provided  an  accurate  means  for  quantifying  the  water 

used  while  obtaining  good  dispersion  within  the  space. 

on  ^i'®'  ‘J®  *^®  secondary  fuel  injection  were  sprayed  using  a 

A®;  ^"®  "0“'®  (Bete  P66).  The  nozzle  was  oriented  straight  up 

a^  was  loMted  0.3  m  above  the  deck  in  the  starboard  side  of  the  fire  compartment  The  ^ 

ThiftfanH  measunng  the  flow  rate  of  fuel  is  the  same  as  that  discussed  for  Series  2  tests. 

The  standam  prebum  consisted  of  a  40  grams/sec  flow  rate  (1.7  MW)  for  7  minutes  followed  by 

dimen^flUf  f  ®  prebum  time  of  1 5  minutes.  Since  the  fire  door  ^ 

dimens  ons  were  the  same  for  these  tests  as  in  the  CBD  tests,  the  stoichiometric  design  fire 

2.1  MW.  However,  due  to  the  configuration  of  the  fire  space  and^ the 
na!  obstructions,  this  size  fire  was  difficult  to  maintain.  Even  with  the  leaner  fires  used 
indicated  a  fairly  high  degree  of  Incomplete  combustion.  Carbon  monoxide 
^  percent  by  volume.  The  two  step  fueling  procedure 
provided  a  good  start  up  fire  under  cold  conditions.  After  the  space  heated  the  fuel  flow  was 

o1!^2*FR  conditions.  The  formation  of  a  red  hot  zone 

on  the  FR  17  bulkhead  was  a  good  indicator  of  when  the  space  was  sufficientiv  hot  As 

discussed  below,  the  fuel  mass  fraction  is  dependant  on  the  average  temperature  of  the  space. 

th^b^iPr!’ *^®  used  in  the  third  and  second  deck  test  areas,  for  each  of 

the  three  buffer  zone  configurations.  Measurements  consisted  of  air  and  bulkhead 

temperatures,  pressures  between  spaces  and  ventilation  openings,  fuel  supply  pressure  and 
gM  concentrations  high  and  low  In  both  the  Pump  Room  and  the  buffer  2^  0^“ 

Stn  to  ''>«*  ="9laa  are  also 

snown  in  Figs.  10-12.  Key  measurements  are  discussed  below. 

were  used  to  continuously  monitor  the  gas  concentrations  of  carbon 
Ror,Sr  and  oxygen  in  the  fire  compartment  and  in  the  Emergency  Generator 

Room.  Analyzers  consisted  of  Beckman  model  865  for  carbon  monoxide  and  Sirb^  dioxide 
m^asumpts.  and  Beckman  model  755  for  oxygen  measurements. 


(1) 


low  in  the  fire  space  at  3-16-2.  0.3  m  above  the  deck. 
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KEY 


Thermocouple  overhead  -  one  pair  6"  and  1 8" 
below  the  overhead 
Thermocouple  air 


Bulkhead  thermocouple  -  on  side  noted,  60  in.  above  the  deck 

Deckmount  thermocouple  -  one  thermocouple  located 
on  the  deck  on  the  side  indicated  by  the  drawing 

Thermocouple  tree  (320,  274,  229, 183, 137,  92,  46  cm) 

(126, 108,90,72,  54,  36,  18  in.) 

Continuous  Gas  sampling  point  (CO,  COj,  Oj ) 

Grab  sampling  point 
Camera 

Differential  pressure 
Bidirectional  probe 
Optical  Density  Meter 


Fig.  9  -  Instrumentation  key  for  Figures  10-12. 


Fig.  10  -  Third  deck  instrumentation  for  Series  3  Buffer  Zone  EGR  tests 


Fig.  1 1  -  Third  deck  instrumentation  for  Series  4  and  5  Buffer  Zone  1  tests 


Fig.  12  -  Third  deck  instrumentation  for  Series  4,  Buffer  Zone  2. 
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Fig.  13  -  Second  deck  instaimentation  for  Series  3-5  tests 


(2)  high  in  the  fire  space  at  3-16-2. 2.8  m  above  the  deck, 

(3)  low  in  the  buffer  zone  at  3-20-2,  0.3  m  above  the  deck,  and 

(4)  high  in  the  buffer  zone  at  3-20-2,  in  the  overhead  centered  on  the 
starboard  side  of  WTH  2-20-2. 

all  passed  through  an  impingement-type  water  trap.  In  addition 

f  anonfi  4  r  any  remaining  water.  The  90  percent 

response  time  of  the  four  sampling  systems  ranged  from  60  to  92  seconds.  ^ 

Samples  of  the  buffer  zone  were  taken  and  analyzed  by  gas  chromatography 

(1)  A  vertical  string  located  inside  the  fire  space  at  FR  3-16-2  with 
thermocouples  at  46  cm.  92  cm.  137  cm,  183  cm,  229  cm,  274  cm,  and 

Sck^^  ^ 

(2)  A  vertical  string  located  in  the  fire  space  at  FR  3-1 7-1  with  thermocouples 

274  cm,  and  320  cm  (18  in., 

36  in.,  54  in.,  72  in.,  90  in.,  108  in.,  and  126  in.)  above  the  deck. 

®“  FR  3-1 9-2  to  the  port  side  of 

thermocouples  at  46  cm,  92  cm,  137  cm,  183  cm,  229 
^  274  cm,  and  320  cm  (18  in.,  36  in.,  54  in.,  72  in.,  90  In..  108  in.,  and 
126  in.)  above  the  deck. 

(4)  For  Buffer  Zone  EGR,  a  vertical  string  located  at  FR  3-19-1  with 
thermocouples  at  46  cm,  92  cm,  137  cm,  183  cm.  229  cm,  274  cm,  and 

72  in.,  90  in.,  108  in.,  and  126  in.)  above  the 
oecK.  Por  Buffer  Zone  1  and  2  this  string  was  located  at  FR  3-18-1 
inward  toward  centerline. 

(5)  Bulkhead  thermocouples  were  placed  on  all  six  boundaries  of  the  fire 
conipartment.  Bulkhead  thermocouples  were  located  near  the  center  of 
each  side  of  the  space  at  1 .52  m  (60  in.)  above  deck.  A  deck 
themocoupie  was  located  In  the  center  of  the  space  and  above  this,  the 
overt^ad  metal  surface  temperature  was  made  on  the  underside  of  the 
deflection  plate  shielding  the  overhead  duct  work  from  the  fire. 

Pressure  differentials  were  measured  at  various  locations  for  the  purpose  of  quantifying  the 
th^hioh  explosion  awoss  the  fire  boundary  and  the  buffer  zone  boundaries.  Due  to 

fftfm  environment  the  pressure  transducers  needed  to  be  remote 

eliTn/tS??  °“®  f®  ^^®  Of  the  blast  wave  and?he  damping 

flrtiSi  nV  tubing  It  was  realized  that  the  pressure  measurements  would  be  less  than  the 
actual  pressure  pulse.  The  leading  transducer  manufacturers  were  unable  to  give  even  an 


•aS^VlhluhT  o  “  '  ^  error.  Despite  this  iimitation,  it  was 

SteMiw  in'omiation  to  the  relative 

“nhitions  studied.  However,  as  discussed  below  a  lack 
of  reproduabilrty  and  the  overtanging  of  some  instruments  preciudei  any  conS'Sjlis. 

6.0  RESULTS 
6.1  Series  2A 

®  summary  of  the  test  scenarios  conducted.  This  table  lists  the  test  name 
toe  door  was  closed  the  delay  ’ 

general  comments.  The  bold  division  lines  group  tests  which  were  essentially  repeat  tests  of 

happened  oS  onS  d«r  m 
some  cases,  there  was  a  deflagration  in  the  compartment  (noted  by  a  peak  rise  in  temperature 

^  l^ssure)  Without  a  nre  ball  outside  of  the  compartment.  These  tes^  w^mSSenl^bv 
e  °  *’=“  P  ‘e  5  in  diameter)  or  a  roll  olTo^flOT^^nde'th^ 

■nw'secondllw^i.S’m''’^™'’''  °.'e '"’“''e  hall  forming  outside  the  Are  door  for  test  BD09. 
isolated  from  tho  Parlment  seen  tn  the  photograph  was  an  extraneous  structure  as  it  was 
barkriraft  o"'  below.  The  formation  of  a  smoke  ball  was  very  similar  to  a 

^  ^uaX^  stinm  im?”' "r®  *’*  PP'hPPhn’ant)  in  that  there  Is  an  aX 

M  of -okr  CSr  f  had  thrust  the  gases  out  of  the  compartment  to  fZ 

BD21  wL'^ma  compartment  with  a  fire  ball  fomiing  outside  the  door  (°e5^" 

BD21)  The  maximum  size  of  this  fire  ball  was  about  4.3  m  (14  ft)  in  diameter  F^  ir  chn!L  « 

^oe  of  h^r  extending  from  the  fire  compartment  door  which  is  on  the  left 

smoke  and/or  an  extension  of  flame  out  of  the  door.  ^ 

this  reoo"rTlfI  nom^!??  ®".‘"’P°rtant  parameter  which  will  be  referred  to  throughout 

nto  the  fire  compartment  to  the  total  mass  in  the  compartment.  An  overly  simplified  expression 
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mix 


ycomp 


Gomp'mir 


(2) 


mpu  ing  the  fuel  mass  fraction  is  via  an  iterative  calculation  assuming  the  initial 
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Fig.  14  -  A  photograph  of  a  smoke  ball  forming  outside  the  fire  door  for  test  BD09. 
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Fig.  15  -  A  photograph  of  the  formation  of  a  fire  ball  during  test  BD21. 
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Fig.  16  -  A  side  view  photograph  of  a  fire  ball  extending  from  the  fire, 
compartment  door  (leftmost  edge)  for  test  BD75. 


Table  2.  Summary  of  Series  2A  Test  Scenarios 


Comments 

repeat  of  4  with  igniter  |{ 

1  repeat  of  5  with  no  delay  |j 

leak  in  secondary  fuel  line  -  fuel  mass  fraction  || 

suspect,  igniter  on  when  door  ooen  II 

1  repeat  of  8  -  Igniter  on  when  door  ooen  I 

1  same  as  nine  but  igniter  on  10s  after  door  opened 

repeat  of  BD10  |j 

igniter  on  when  door  opened  I 

same  as  12,  igniter  on  5  sec  before  door  ooened  i 

same  as  12.  no  igniter  1 

same  as  12,  no  igniter.flaming  inside  before  door  1 
opened,  new  hinges  1/2"  gap  in  corner  II 

same  as  12,  no  igniter.flaming  inside  before  door  | 
opened,  new  hinges  1/2"  pap  in  corner  II 

same  as  12.  no  igniter,  gasket  on  door  II 

same  as  12.  no  igniter  I 

same  as  12.  no  igniter  II 

same  as  12,  no  igniter 

same  as  12,  igniter  on  when  door  opened  li 

same  as  12,  igniter  on  when  door  ooened  i 

same  as  12.  igniter  on  when  door  opened  1 

same  as  12.  igniter  on  10s  after  door  opened  II 

same  as  12.  except  delay,  no  igniter  II 

same  as  12,  no  igniter,  weak.  * 

same  as  12.  no  ianiter.  weak.  *  i 

Outcome 

1  Nothing 

1  Nothing 
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1  Flame  Only 

Fire  Ball 
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Table  2.  Summary  of  Series  2A  Test  Scenarios  (continued) 
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w“oas  MnSfeMh. .  ,  of  the  products  of  stoichiometric  combustion.  An  assumed 
dlntHSI!  ^  calculate  a  density  for  the  mixture,  this 

comoos  tionlf  f*h  “  ®  f"ass  fraction  along  with  the  assumed 

^  ^  u  '®  ^^®"  ‘'®®^  calculate  a  new  mixture  gas  constant  This 

difference  between  the  old  and  new  values  of  the  mixture  gas 
constant  converge  to  less  than  0.01  J/kg  K  (approximately  0.5  percent).  ® 

Fig.  17  shows  a  bar  graph  of  the  nominal  fuel  mass  fraction  for  each  test  along  with  notes 

to  0  f  ^^®'  "’®®®  ranged  from  0.05 

defined  and  rtl  ®  ^‘^®‘  "^ass  fraction  above  whidt  a  well- 

defined  and  reproduable  backdraft  explosion  (i.e.,  with  fire  ball)  occurred.  Backdrafts  with 

under  reMat^IdT*"*  “If  P®''*"'  'Ife  time  for  similar  test  scenarios 

tesfrLX  r  J  teti «  et«>"9  effect  on  the  ' 

d.nn?..  h.  ;  ‘’““'‘f  e^e  '*efe  difflcult  to  create).  This  effect  can  be  seen  in  Fig.  17  which 

denotes  the  tests  conducted  under  extremely  windy  conditions.  The  other  tests  vrere  conducted 
under  wind  conditions  of  less  than  6  km/hr.  The  Jnds  blew  from  the  wlst/Si^a  stagh?? 

appeared  to  retard  the  flow  of  M  g^ellTof  ^e 
compartment  and  create  a  more  turbulent  bidirectional  flow  pattern  at  the  door  opening. 

♦halt?®®?!'!''  ^  ^^®  ®''®rage  temperature  and  oxygen  concentration  data  as  well  as 

?ver  ^o  d  ®  ®®®^  '®®*  ®®"®®  2A.  Test  data  have  been  averaged 

dlnnt^H  o^fri  ’’®"°'^®  ®®®^  seconds  in  duration.  The  first  time  period  is 

oeriori  don  repr^esents  the  time  just  prior  to  the  fire  door  being  closed.  The  second  time 

Dh^lmonnn  nn  ‘®  J  '"^®"®®^  ®®  “  rapresents  the  conditions  from  which  the  backdraft 

STSer  ‘^®  ^‘"®  ^^® 

rocIJnoo'?®®"  “"“"^ration  measurements  have  been  adjusted  to  account  for  a  90  percent 
nnf®  ^^*®  ®®®  ®y®‘®"’-  ^‘®®®  ®P®"‘"9  *h®  fira  door  and  the  ensuing  Sty 

tho  n^  ®  *'®^®  ®®®  ®  seconds  compared  to  the  60  second  response  time  of 

h!  ^^®  °^^®"  concsn^ration  measurements  are  unable  to  fuHy  capture 

the  relatively  fast  change  in  conditions.  As  a  result,  the  oxygen  concentrations  reported  at  time 

InnTf  ®°'^®  ®®ses  where  the  tabulated  data  may  be 

t^ereVart^^^^^^^  ^^®  P'"®  -  ^^®  '^west  value  jLt  prior  to 

“"’’’“""P  "’e  of  the  llame/lire  ball  to  the  size  of  the  test 

500^C  andT!p«no  opened,  average  compartment  temperatures  were  typically  400  to 

^?e  about  5  Sf^^d"  ®°"®®"*raJions  were  1  to  2  percent.  The  largest  fire  balls  observed 

JSs  usuat  a  5  to  15  sL  ®k  k®’^®"!®''  ""P  ^  (26  ft)  from  the  compartment.  There 

^usually  a  5  to  15  second  delay  between  the  time  the  door  was  opened  and  the  sudden 

formation  of  the  fire  ball  outside  of  the  doorway. 
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Fig.  17  Bar  graph  of  nominal  ftjel  mass  fractions  for  series  2A  tests 


Tables.  Average  temperature  and  oxygen  concentration  measurements  for  Series  2A  tests 
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Table  4.  Estimated  size  of  flame  extension  and/or  fire  balls  exiting  the  test 
compartment  during  the  backdraft  events  of  Series  2B  tests  (continued) 
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The  Seriw  2A  tests  were  successful  in  (1)  developing  a  safe  method  for  producing 
backdrafts  vi/hile  avoiding  dangerously  explosive  mixtures  in  the  compartment  (2) 

conipartment  temperatures  were  sufficient  for  igniting  diesel  vapor/aerosol 
teckdraft^'^*'^'"^  preliminary  results  that  water  injection  is  a  feasible  method  for  mitigating 

6.2  Series  2B 

Table  5  shows  a  summary  of  the  test  scenarios  conducted.  Series  2B  tests  focused  on 
e^endii^  the  Series  2A  work  to  develop  a  well-defined,  reproducible  backdraft  test.  In  addition 
the  effediveness  of  water  spray  injection  as  a  mitigating  tactic  was  studied.  It  was  believed  that 
the  nation  of  conditions  with  higher  nominal  fuel  mass  fractions  (i.e.,  greater  than  0  18  which 
was  typical  for  most  of  Series  2A  tests)  would  lead  to  a  reproducible  test.  At  higher  fuel 
concentrations,  the  effect  of  the  difficult  to  control  variables,  such  as  wind  and  leakage  around 
the  warping  door  frame,  would  be  minimized. 

Table  3  shows  a  summary  of  the  Series  2B  test  scenarios  conducted.  This  Table  lists  the 
ted  number,  the  nominal  fuel  mass  fraction,  the  amount  of  water  injected  (if  any),  the  total  time 
the  door  was  closed,  the  delay  time  between  securing  the  secondary  fuel  and  opening  the  door 

comments.  The  bold  division  lines  group  tests  which  were  ' 
!..fc  ?  ^  scenario.  The  resulting  outcome  describes  what  happened 

outside  of  the  door.  In  some  cases,  there  was  a  deflagration  in  the  compartment  (noted  by  a 
peak  nse  in  temperature  and  pressure)  without  a  fire  ball  outside  of  the  compartment  These 
smS^r^®  characterized  by  a  roll  out  of  flame  under  the  soffit  or  the  formation  of  a  large  bait  of 

Fig.  18  shows  a  bar  graph  of  the  nominal  fuel  mass  fraction  for  each  test  along  with  notes 
designating  pertinent  differences  between  tests.  Nominal  fuel  mass  fractions  ranged  from  0.13 
r  V  Q  ^  conducted  with  nominal  fuel  mass  fractions  of  about  0.25 

RnVA'f  ('  O  gal)  Of  secondary  fuel).  As  can  be  seen  In  Table  3  and  Fig.  18  (tests  BD74  to 
BD1 15),  a  reproduable  test  scenario  that  resulted  in  a  strong  backdraft  explosion  was 
developed.  This  was  achieved  after  it  was  found  that  a  build  up  of  soot  on  the  walls  of  the 
TOmpartrnent  had  a  dramatic  effect  on  creating  a  backdraft  explosion.  As  can  be  seen  in  Fig. 

haul !?  percent  of  the  tests  resulted  in  well-defined  explosions  with 

compartment.  This  occured  despite  fuel  mass  fractions  as  high  as  0.29. 
Pnor  to  test  Bp74  the  compartment  walls  were  covered  with  soot,  up  to  1 .9  cm  thick.  It  is 
believed  that  the  soot  (carbon)  buildup  on  the  interior  surfaces  absorbed  some  of  the  fuel 
injected  into  the  Mmpartment.  Therefore,  there  was  a  reduction  in  the  amount  of  vaporized  fuel 
in  the  space  such  that  the  fuel  mass  fraction  (which  assumes  all  chemical  species  in  the  gas 

™  of  soot  Lldu^  fuel 

uS  tea  SSj'osrt™!!!®  ®  By  cleaning  the  soot  tom 

^tfT-  II  ®  ®''®^  *®®‘®  ^^®  ®^®®*  minimized  (soot  layers  were 

ovn^  ^  ®  result,  the  same  test  conditions  resulted  in  reproducible  backdraft 

‘‘'P''"®'  ■P’’®  ®'f®«  •he  soot  buildup 

S  sutetim^etfdiS?i![  "P  “'’P'''®"®  ®®P®s  2A;  however,  this  can  not  to 

fully  substanti^ed  as  the  same  high  wind  conditions  did  not  occur  during  this  series  Weather 

conditions  for  Senes  2B  were  very  still  with  wind  speeds  typically  less  than  4.8  km/hr  (3  mpUr 

The  data  presented  in  Fig.  18  shows  that  fuel  mass  fractions  of  0.17  or  greater  are 

tes't^Bm03^hm^^^Rm  explosion.  This  is  particularly  demonstrated  by  the  results  of 

tests  BD103  through  BD113.  For  example,  tests  BD  106,  109,  and  110  had  fuel  mass  fractions 
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Table  S.  Summaiy  of  Series  2B  Test  Scenarios 
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Tables.  Summary  of  Series  2B  Test  Scenarios  (continued) 
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Test  Number 

Fig.  18  Bar  graph  of  nominal  fuel  mass  fractions  for  series  2 A  tests 


^0.13  or  0.14  with  no  fire  ball;  tests  BD  103-104. 107, 108, 111-113,  and  115  had  fuel  mass 
fractions  of  0.17  or  higher,  and  all  resulted  in  backdraft  explosions  with  large  fire  balls. 
Procedurally,  the  tests  were  identical  except  for  the  amount  of  secondary  fuel  injected  into  the 
fire  compartment.  The  tests  that  did  not  result  in  fire  bails  had  average  gas  temperatures  ecjual 
to  or  greater  than  the  tests  that  did  and  oxygen  concentrations  were  similar  as  well.  Therefore, 
these  results  indicate  that  the  fuel  mass  fraction  was  the  determining  factor  for  creating  the 
explosion.  * 


Fig.  18  also  shows  the  effect  of  water  Injection  into  the  fire  space  using  the  same  backdraft 
test  scenario.  The  fuel  mass  fractions  are  decreased  due  to  the  water  vapor  in  the  space.  If 
^ter  was  not  injected  the  fuel  mass  fraction  would  be  the  same  (0.25)  as  in  tests  without  water. 
Depending  on  the  amount  of  water  used,  the  tests  with  water  injection  resulted  in  either  the 
elimination  of  the  explosion  (i.e.,  the  fire  ball)  or  in  backdraft  explosions  of  reduced  intensity 
This  subject  is  addressed  in  more  detail  in  the  Discussion  section. 

Tables  6  and  7  present  the  average  temperature  and  oxygen  concentration  data  as  well  as 
the  estimated  flame/fire  bail  size  data  for  each  test  of  Series  2B.  Test  data  have  been  averaged 
over  two  different  time  periods  each  of  which  is  10  seconds  in  duration.  The  first  time  period  is 
denoted  as  T1  and  represents  the  time  just  prior  to  the  fire  door  being  closed.  The  second  time 
period,  denoted  as  T2,  is  a  10  second  interval  just  prior  to  the  door  being  opened  to  induce  the 
backdraft.  Period  T2  is  of  most  interest  as  it  represents  the  conditions  from  which  the  backdraft 
phenomenon  occurs  or  does  not  occur.  This  is  the  time  period  at  which  the  nominal  fuel  mass 
fraction  is  calculated. 


The  oxygen  concentration  measurements  have  been  adjusted  to  account  for  a  90  percent 
response  time  of  the  gas  analysis  system.  Since  opening  the  fire  door  and  the  ensuing  gravity 
cement  occur  on  a  time  scale  of  about  15  seconds  compared  to  the  60  second  response  time  of 
the  gas  analysis  system,  the  oxygen  concentration  measurements  are  unable  to  fully  capture 
the  relatively  fast  change  in  conditions.  As  a  result,  the  oxygen  concentrations  reported  at  time 
T2  may  appear  artificially  high  for  some  tests. 

An  attempt  was  made  to  estimate  the  size  of  flame  extension  and/or  fire  balls  exiting  the  test 
compartment  during  the  backdraft  events  of  Series  2B  tests.  Dimensions  were  obtained  from 
visual  observation  and  video  by  comparing  the  size  of  the  flame/fire  ball  to  the  size  of  the  test 
compartment.  For  Series  2B,  markers  were  positioned  within  the  view  of  the  video  camera  to 
assist  in  the  measurement  of  how  far  the  fire  extended  away  from  the  fire  door.  Markers  were 
placed  every  5  ft  from  5  to  30  ft  away  from  the  door. 


At  the  time  the  door  was  opened,  average  compartment  temperatures  were  typically  340  to 
400°C,  and  average  oxygen  concentrations  were  0.5  to  1.5  percent.  These  gas  temperatures 
are  50  to  100°C  lower  than  observed  for  Series  2A  tests.  The  difference  is  attributed  to  the 
removal  of  the  soot  from  inside  the  comparment.  It  is  believed  that  in  Series  2A  tests  the 
excessive  buildup  of  soot  in  the  compartment  was  absorbing  some  of  the  secondary  fuel 
injected  into  the  space.  As  a  result  there  was  a  reduction  in  the  amount  of  fuel  vaporized,  and 
thus,  a  reduction  In  the  amount  of  heat  absorbed  from  the  compartment  gases  due  to  the  heat 
of  the  vaporization  of  the  fuel.  In  the  Series  2B  tests  in  which  the  compartment  was  clean  of 
soot,  gas  temperatures  would  be  lower  since  more  fuel  is  vaporized,  and  consequently  more 
heat  is  extracted  from  the  compartment  gases.  This  trend  is  also  supported  by  the  temperature 
data  of  the  Series  2B  tests  before  and  after  soot  was  being  cleaned  from  the  compartment  walls 
(i.e.,  before  and  after  test  BD74).  The  largest  fire  balls  observed  were  about  7  m  in  diameter 
and  extended  over  9  m  from  the  compartment.  Similar  to  the  Series  2A  tests,  there  was  usually 
a  15  to  20  second  delay  between  the  time  the  door  was  opened  and  the  sudden  formation  of  the 
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BP72  I  0.26  I  1.58  I  5.98  |  4.92  I  10  8  462  422  405  0.003  0.045  0.000  0.040 


Table  6.  Average  temperature  and  oxygen  concentration  measurements  for  Series  2B  tests  (continued) 
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Table  6.  Average  temperature  and  oxygen  concentration  measurements  for  Series  28  tests  (continued) 
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Table  7.  Estimated  size  of  flame  extension  and/or  fire  balls  exiting  the  test 
compartment  during  the  backdraft  events  of  Series  2B  tests  (continued) 
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fire  ball  outside  of  the  doorway.  In  most  instances,  dense  smoke  obscured  any  view  of  the 

**  penetrated  the  door  way.  However,  in  some  tests  the  deflagration 

'".»>=  “PPe^  Pack  (south-eL)  comer  of  the  corSment 
traveling  as  a  flame  across  the  overhead  of  the  compartment.  Contradictorily  for  a  few  tests 
the  flame/fire  ball  appeared  to  originate  low  in  the  doorway.  ’ 

The  relative  pressure  across  the  compartment  bulkhead  was  measured  for  Series  2B  tests. 
^  between  tests;  however,  they  were  not  quantitatively 

r^roduable  with  respect  to  the  peak  pressure  during  the  backdraft.  Fig.  19  shows  a  typical 

ipf  e  *  '  ®  rnarginally  negative  pressure  differential  as  measured  on  the  250  Pa 

pressure  transducer  (capable  of  overranging  to  280  Pa).  This  negative  pressure  differential 
indicates  the  inward  flow  of  air  low  in  the  fire  compartment.  At  336  seconds  the  door  to  the  fire 
Mmpartrnent  was  closed  resulting  in  a  large  fluctuation  in  pressure  due  to  the  last  pulsations^in 
the  fire  plume  before  it  was  extinguished.  As  the  door  was  quickly  closed  the  compartment 
expenences  a  rapid  positive  pressure  rise  due  to  the  hot  expanding  cor^bustion  gTses 
pressure  nse  is  immediately  followed  by  a  sharp  negative  spike  resulting  from  the  fire  plumes 
last  pulsation  draw  air  into  the  compartment  before  extinguishing.  The  negative  pressure 

observed  as  the  fire  door  was  sucked  closed  Between 
406  to  466  seconds,  the  secondary  fuel  was  injected.  During  this  time  period  there  was  an 

S  Twi'Srsmol^^^^^^^^  vaporization'of  the  secondary 

Tuei.  Thick  white  smoke  (mixture  of  onginal  combustion  products  and  fuel  vaoort  leaked  from 

around  fte  fire  door  during  the  initial  iniection.  Thla  leakage  stopped  abouS  lay 

ditferentiafapTr^aches^o  Pa 

la”S22iidffr  MTOsnond"’'")''  .h®  immediately  as  the  fuel  flovr 

was  secured  (i.e.,  corresponding  to  the  pressure  pulse  which  started  at  466  s)  Durino  several 

tests,  a  propane  torch  was  used  as  a  pilot  flame  to  determine  if  the  fuel-rich  gas  mixture  leakino 

froin  the  cornpartment  could  be  ignited.  The  gases  could  be  ignited  only  at  the  door  gasket  At 

a  distance  of  only  0.15  m.  the  gases  were  to  dilute  to  be  flamr^able.  For  fhe  tLt  in  Rg  if  the 

hS^^aVecS’™'  tL°"°”®"  ®  “"'Pddd'ent  and  the  iorSitiln  oTa 

^s  143  Pa  nh™u  '’“kdrafl  explosion 

was  143  Pa  which  was  about  half  of  the  pressure  rise  that  occurred  when  the  door  was  ooened 

IverTe"  PaTTom^^^^^^^  from  10oT 

ver  280  Pa.  In  some  instances,  identical  tests  produced  pressure  results  that  spanned  this 

range.  One  possible  reason  for  the  deviation  in  the  data  is  the  occurrence  of  varying  degrees  of 

soot  clogging  in  the  pressure  port.  However,  this  hypothesis  is  not  fully  consistent  with  th^ 

6.3  Series  3,  4  and  5 
6.3.1  General  Results 

®®  ®  were  conducted  aboard  the  ex-USS 

^  additional  confines  of  a  ship  on  the 

This  tabtelSs  explosions.  Table  8  shows  a  summary  of  the  test  scenarios  conducted. 

This  table  lists  the  test  number,  the  nominal  fuel  mass  fraction,  the  resulting  outcome  the 
ventilation  setiy,  and  general  comments.  The  resulting  outcome  describes^what  ha^ened 

ne!ffri  ®  deflagration  in  the  compartment  (notL  by  a 

jreak  nse  in  temperature  and  pressure)  without  a  fire  ball  outside  of  the  compartment  These 
tests  were  charactenzed  by  a  roll  out  of  flame  under  the  soffit.  ^ 
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Table  8.  Summary  of  series  3,  4  and  5  test  scenarios  conducted 
aboard  the  ex-USS  SHADWELL 
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SBD17  0.14  full  ventilation  camera  inicated  flamelet  at  nozzle  after  door 

_  was  open 

SBD18  0.16  Explosion  full  ventilation 


Table  8.  Summary  of  series  3,  4  and  5  test  scenarios  conducted 
aboard  the  ex-USS  SHADWELL  (continued) 
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Table  8.  Summary  of  series  3,  4  and  5  test  scenarios  conducted 
_ aboard  the  ex-USS  SHADWELL  (continued) 
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Table  8.  Summary  of  series  3,  4  and  5  test  scenarios  conducted 
aboard  the  ex-USS  SHADWELL  (continued) 


rr-"' 

Comments 

Buffer  Zone  #1 

Buffer  Zone  #1 ,  water  injection  (1 .6  gal) 

Buffer  Zone  #2,  temperatures  were  low  in  the  fire 
space 

Buffer  zone  #2,  El-15-2  at  50%  -  El-15-1  at  0%. 
immediate  ignition  outside  of  the  fire  door 

Buffer  zone  #2,  El -15-2  at  50%  -  El -15-1  at  0%, 
fuel  leakage  from  Pump  Room  to  stbrd  space  b/n 
FR17-20 

Buffer  zone  #2,  D  3-18-0  open  during  preburn, 

El -15-2  at  100%  -  El -15-1  at  0% 

Buffer  zone  #2,  repeat  of  SBD53 

Modified  buffer  zone  #1  (buffer  zone  #2  with  D 
3-18-0  open),  no  quad  video,  El-15-2  at  100%  -1 
at  0% 

Buffer  zone  #2,  El-15-2  at  100%,  El-15-1  at  0% 

Buffer  Zone  #1  | 

Buffer  Zone  #1 ,  water  injection  (8.5kg,  2.25  gal), 
weak  fire  ball 

Buffer  Zone  #1 

C 

o 

*X3 

n 

c 

smoke 

curtains  -  fans 
secured 

full  ventilation 

full  ventilation 

full  ventilation 

smoke 

curtains  -  fans 
secured 

smoke 

curtains  -  fans 
secured 

smoke 

curtains  -  fans 
secured 

smoke 

curtains  -  fans 
secured 

smoke 

curtains  -  fans 
secured 

full  ventilation 

full  ventilation 

smoke 

curtains  -  fans 
secured 

Outcome 

Explosion 

Flame 

Explosion 

Explosion 

Explosion 

Explosion 

Explosion 

Explosion 

■  o 

15  2 

3LL 

0.19 

0.15 

0.17 

0.19 

0.23 

0.20 

0.20 

0.20 

0.21 

0.19 

d 

0.19 

Test 

SB048 

SBD49 

SBD50 

SBD51 

SBD52 

SBD53 

SBD54 

SBD55 

SBD56 

1  SBD57 

SBD58 

SBD59 
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Table  8.  Summary  of  series  3, 4  and  5  test  scenarios  conducted 
_ aboard  the  ex-USS  SHADWELL  (continued) 
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n  '"sss  fractions  ranged  from  0.08  to  0.23.  Most  tests  were  conducted  at  0.18  or 

ffJ/S-  sufficient  to  create  a  reproducible  Class  B  explosion.  These  fuel  mass 

tj^ically  achieved  with  4.5  f  (1.2  gal)  of  diesel  fuel  (3.7  kg).  Higher  fuel  mass 
ractions  were  not  studied  due  to  the  uncertainty  of  possible  damage  from  larger  explosions. 

.•'^diMted  In  Table  8,  there  were  several  ventilation  conditions  tested.  In  a  few  cases  as 
fane  IIJ  "’®®f‘3nical  problems  with  the  El-15  fans  prohibited  the  use  of  both 

rihia  ventilation  conditions  were  tested  for  all  buffer  zone  configurations 

studieri  obtained  for  the  main  ventilation  conditions 

Tha  ,!eo  hn  f  changes  per  hour  ranged  from  82  to  709  for  full  ventilation  conditions. 
The  use  of  box  fans  in  a  desmoking  setup  produced  25  air  changes  per  hour. 


J^^j£j;_Forced^ii^w  rates  for  the  buffer  zone  configurations  studied 


Buffer 

^iiZone,  ■ 

Size 

I  Ventilation* 

Flow  Rate 

Air  Changes 
-  PeriHour-r? 

ft^ 

(m®/s) 

(cfm) 

EGR 

191 

6729 

Full 

4.3 

9200 

82 

1 

104 

3657 

Full 

4.5 

9600 

157 

1 

104 

3657 

Fox  Fans 
(Desmoking) 

0.7 

1500 

25 

2 

20 

715 

Full 

4 

8500 

709 

2 

20 

715 

El-15-2  at 
50% 

1.85 

3922 

328 

^a!!  consists  of  open  boundaries  and  El-15-1  and  E1-15-2  fans  at 

1 00  percent 


exDlos^oJ^^  Pstlhfilwn  ^  II  ^!f  establishing  a  dead-air  buffer  zone  on  the  backdraft 
f-^  ^  dead-air  zone  required  shutting  down  the  El -15  fans  and 

mechaniMlIy  isolating  the  buffer  zone.  This  was  initially  achieved  through  an  Incremental 
approach  using  Buffer  Zone  EGR  (Fig.  4).  The  first  test  consisted  of  politioning  s^ke  b  ankets 

‘he  Ls  a^lOO  percent 

25^pe^m  Sfacitv  ^^^sequent  tests  consisted  of  setting  the  fans  at 

ores^i^rdiS™  ^  ^  ^  ^  secured.  Only  with  the  fans  fully  secured  was  there  no  visible 

Sthe?)  ^  ‘he  hatch  and  door  (i.e.,  curtains  were  not  bulged  to  one  side  or  the 

chJ!?®'  ^^®  ^  representative  test  with  a  Class  B  explosion  The  Fiaures 

in  th^  fi^n'oacS'anriL^hrh  ff  tk  temperature  measurements  both 

Zone  eSr  Kulltlm^  1^®  presented  (SBD27)  was  conducted  in  Buffer 

L21  showTheS  CO  anH  o  boundaries  and  fans  at  100  percent  capacity).  Figs. 

AAmrlartrS A  ♦  ^  Concentrations  measured  low  and  high  in  the  fire 

compartment,  respectively,  as  well  as  the  fuel  supply  rate.  As  the  prebum  fire  develoos  the 

approa(5ieTabo^M?  '‘®®'‘®®f®®  the  upper  layer  to  undetectable  levels  (Fig.  21)  and 

eSt  Derarn  T,'”®  CO  concentrations 

exceed  3  percent  which  represent  levels  lethal  within  several  breaths. 
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al  CO,  CO2,  and  Oj  concentrations  measured  2.8  m  above  the  deck 
compartment  and  the  fuel  supply  rate  for  a  backdraft  test  aboard 
the  ex-USS  SHADWELL  (test  SBD27). 
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Fig.  22  -  Typical,  vertically  averaged  gas  temperatures  in  the  fire  space  (upper  plots) 
and  in  the  buffer  zone  (lower  plots)  for  a  backdraft  test 
aboard  the  ex-USS  SHADWELL  (test  SBD27). 


pical  surface  temperatures  within  the  fire  space  for  a  backdraft 
test  aboard  the  ex-USS  SHADWELL  (test  SBD27). 


data  indicate  that  the  space  was  fairiy  well  mixed ’anri  nnifn^T!!?!^?  °2-  ^®®® 

opened  at  1402  seconds  ThefomniLat  -i  f®  ^'ni®  the  fire  door  was 

in.rrS.?Ss!r£S"^^ss;“ 

=Ki^T.'r.-cs  - 

compartment  filling  appro^mate^60^eTOntM  the  rT™  eitplotlatf  out  of  the 

there  were  no  dear  phSdral  S  omS?.  r  ‘’“f'*'- “ne.  Over  the  13  second  delay, 

temperature.  As  can  be  seen  in  Rq.  22*'the'avera'^'°'*  °?  **'*  '®'’'l’®'®f“''e  plots  as  a  spike  in 
fire  space  (upper  plots)  and  in  the  buffer  ^on^a  nn  Tises  rapidly  both  in  the 

in  the  fire  spaw  occumed  via 

temperatures  within  the  soace  The  minim  k  fi!!f  ®hows  plots  of  four  surface 

time  the  door  was  opened^(l402  s)  TW^iemno^^i^®®^  '®'^Perature  was  360»C  at  the 

autoignition  temperature  of  dfesel  fuel  ^For  's  significantly  higher  than  the  250°C 

(i.®..  bulkheads,  decrand  ove^  <he  fire  space 

from  350»C  to  450'>C  prior  to  the  doot-  being  openld  ®  ^  temperature  ranging 

varying  sized^fire  baL*wh?ii%Trti?utSySth^  ®^P'osions  produced 

beyond  the  buffer  zone  boSndtrierFor  configurations,  penetrated 

flame  extended  as  high  as  3  4  ft  at^ 

flames  never  extended  through  the  buffer  zoneto  for  LfferZnnVi  ®®f  "'^®-,^0'«'®v®r, 

team  tVb^e^ough^"^^^^^^^^^  ®®«mated  by  the  Safety 

and  WTS  1-19-2;  both  were  shut  but  not  secut^d®  QWTD  3  ‘"®'^  0P®n  QWTD  3-18-3 

is  dependsnt  on  the  explosion  process  and  lh»  velocity  The  shape  of  the  blast  wave 

combustion  process  3  produce  a“o^tmn  L^^^^  surroundings.  A  relatively  slow 
process  will  produce  a  sudden  chance  in  oronaniJL  t^ere  as  a  rapid  combustion 

two  types  of  events  would  te  o^  the  on^^rTa  r!  '2  ®  ^""0  scales  ter  the 

respeSively.  For  theZekdroreiptosSns  Sud  M  fhTd"./  r 

producing  measured  differential  pressure  waves  that  *’*'*  si®"'  'lius 

Of  a  typical  pressure  time  histo^  for  a  Sedes  3  fesUs  prerenre^r^t^’^dX^^^^^  s^e”'" 
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ESSURE  (Pa) 


TIME  (sec) 


r,S'  thl  '>1“'  Pf«sure  between  the  fire  space 

and  the  Buffer  Zone  for  a  Senes  3  backdraft  test  resulting  In  an  explosion  (lest  BD86). 
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250  PaVtasB  « 

SrSlirSm-SSr:. 

««.-«« £j,i!ri':?r,ssrsi=c.?st”s. 

6.3.2  Effect  of  Buffer  Zone  and  Ventilation  Conditions 

bufS  zoTeto  Siaa  ?k"  a «' «’' 

increasing  temperature  within  the  space  as  SaLTse^reC  a°nd\TbL®ff^^^^^^ 

Via  smoke  curtains  and  blankets.  For  example  with  the  IcR  RMfi^tl  ® 

10  shows  a  30°C  increase  from  67®C  (153°F)  io  96°C  f205°F\  ae  configuration,  Table 

being  fully  ventilated  with  doors  open  to  b^g  buttoned  uS^fi  ^  fa  changed  from 

closed  with  smoke  curtains)  The  smaller  buffer  r  ■®  ’  secured  and  boundaries 

rpi^%=n“SSiiS=^^^^ 


Table  10.  Comparison  of  Tenability  Conditions  within  the  EGR  Buffer  Zone 

to  Opening  Fire  Door 

.  Ventilation  F  Teshs  L  Average  Temperature 


Tests 
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Table  1 1 .  Comparison  of  Tenability  Conditions  within  Buffer  Zone  1 
for  Different  Ventilation  Scenarios  Prior  to  Opening  Fire  Door 


Ventifation 

Tests 

Average 

Temperature  (’C)* 

optical  Density* 
(%  Obscuration) 

3-19-2 

3-19-1 

Full 

39,46,57,62 

68(6) 

60(4) 

19(18) 

Boundaries  Open;  Box  Fans 

43,61 

83  (17) 

84(18) 

12(5) 

Boundaries  Open;  Fans  Secured 

44 

96 

97 

20 

Smoke  Curtains;  Fans  100% 

40,60 

125(10) 

130(2) 

21(8) 

Smoke  Curtains:  Fans  Secured 

41.48.  59 

BEBBI 

Values  in  parentheses  are  standard  deviations. 


Table  12.  Comparison  of  Tenability  Conditions  within  Buffer  Zone  2 
_jor  Different  Ventilation  Scenarios  Prior  to  Opening  Fire  Door 


Ventilation 

Tests 

Average  Temperature  (*’C)* 

3-19-2 

'5';"  ■■  3-18-1' 

Full 

50 

65 

N/A 

Smoke  Curtains;  Fans  Secured 

HESRBH 

N/A 

Values  in  parentheses  are  standard  deviations. 


decreasing  the  buffer  zone  size  is  also  shown  in  Table  13.  Table  13  shows  the 
Sf/rr  temperature  of  each  of  the  three  buffer  zone  configurations  for  the 

Mse  of  closed  boundaries  and  no  ventilation.  As  can  be  seen,  the  average  temperature  for  the 
smallest  space  (Buffer  Zone  2)  is  141  °C  (286°F)  which  is  about  SS^C  higLrthan  the 
temperature  in  the  largest  space  (Buffer  Zone  EGR).  ^ 


Table  1 3.  Average  Gas  Temperature  in  Buffer  Zone  at  3-1 9-2  for  Tests  vnth 
Closed  Boundaries  and  No  Ventilation  (Smoke  Curtains,  Fans  Secured) 
_ _ Presented  for  Different  Buffer  Zone  Sizes 


.  lEtuffer  Zone 

Size 

Temperature  (*C)* 

(m*) 

(ft*) 

EGR 

191 

6729 

96(4) 

1 

104 

3657 

2 

20 

715 

*  Values  in  parentheses  are  standard  deviations. 
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intewfJ  of*a  ci«t  decreasing  the  size  of  the  buffer  zone  increased  the 

^  ®  explosion  onginating  from  within  the  fire  space.  Fig  25  illustrates  the 

5ESr“"“’“ 

intenfto  "’at  securing  the  boundaries  increased  the 

fully  ventilated  tests  to  ^  temperatures  increased  by  about  32"C  (90”F)  lor 

<5rr;«^I  A  T  ?  *  ®®  ^  for  tests  with  closed  boundaries  and  no  ventilation  ri  L 

P®®k  temperature  rises  due  to  Ss  ^  ^  ’ 

explosions  is  seen  in  Fig.  28  for  the  tests  with  Buffer  Zone  1 . 

bounda^^dMures'^nVat^ difference  between  the  effect  of  ventilation  and 

S“=?SS=SSISS£H“ 

“SHSrr”—— 

==srlsPSf=~“~ 

used  for  active  desmoking.  Other  than  S^t^h^e  ^p^nToln^^^^^^ 

SSr"r^F“^ 

SeifThe  bX  zortfbo  boundaries 

x:Xn:rXri.fh'r^XrXX:^in"  ^ 

ventilation  flow  rates.  ^  explosion  intensity  compared  to  changes  in 

7.0  DISCUSSION 

h..i^xsr:srxxn%rrcir^^^^^^^  «’• 

Se  o?watrs‘5?aras^^^^^  mSgatLn.®"'"°'‘°"- 
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Buffer  Zone  1 


Buffer  Zone  Configuration 


Fig.  25  -  Average  temperature  rise  due  to  Class  B  explosions 
with  full  ventilation  and  boundaries  ooen 


in  buffer  zones 


Average  Temperature  Rise  (C) 


200 


Buffer  Zone  Configuration 


Fig.  26  -  Average  temperature  rise  due  to  Class  B  explosions  in  buffer  zones 
with  no  ventilation  and  boundaries  secured, 

70 


Average  Temperature  Rise  (C) 


100 


Ventilation  Condition 


Fig.  27 


Average  temperature  rise  due  toOass  B  explosions  in  Buffer  Zone  E( 
With  different  ventilation  schemes. 
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Average  i  empe 


7.1  Fuel  Mass  Fraction 

“  “’f"’  «-SHADWEU.  teas)  Show  that  ther«  is  a  veof 

Illation  between  the  nominal  fuel  mass  fraction  and  the  oooutrenoe  of  a  No  2 

^  environments.  Fig.  29  shows  the  frequency  with  which 

snSf  Th^H  T®  °f  ®  of  fhe  nominal  fuel  mass  fraction.  Y,.  in  the  fire 

SriM  ' oolude  results  from  76  tests  from  Series  28  (tests  BD73-BD115)  through 

hi^?H  f  n  ‘  f®II®®  ^  BD1-BD73  have  not  been  included  since  the  problems  of  wind  and  soot 
IS  he  secondaiy  variables  that  artificially  skew  the  results  Next  to  each  data  point 

Fio^M  conducted  at  the  specified  fuel  mass  fraction.  As  can  be  seen  in 

Sasf  explosions  occurred  for  tests  with  fuel  mass  fractions  of  0.15  or  less.  Fuel 

unabte^fn^laf^  °  a  transition  region  from  fuel  loading  conditions 

0  20?  a  nSf^ifh  °®'°"  ^®®Pf  ^  f®®f  ®f  51  (i.e..  at  Y,  of 

0^0),  all  tests  with  fuel  mass  fractions  of  0.18  or  higher  resulted  in  an  explosion  vvith  a  fire  ball 

t?e  fowe^flammati??^  air  which  can  be  ignited  and  propagate  a  flame  is  known  as 

defile  ^  '-'''®'^'se.  the  highest  concentrations  which  will  bum  is 

beh^een  the  LF^  ®"'y  P°®®“^'®  f^^el-air  mixtures 

br  w  ^  Flammability  limits  and  explosive  limits  can  be  used 

w  ^umTS  mS,™  c  '.C T®’!  'opresentation  can  ba  given  In  terms  of  mass  of  fuel 
f^fere^  fTlW^rrh  ,  T  71  '*  <''0"''0"00  (6))  ond  data  from  Zabetakis 
laJnr^Sdl^  ^  correlation  of  flammability  limits  with  respect  to  moieoular  weight 

Sass  tedS,  i"  •’O'l’  volume  pLent 

MrSSrho^f^27i„  •  •  'owcf 'loo’mable  mass  concentration  for 

hydrocarbon  fuels  in  air  is  approximately  constant  at  45  to  50  g/m^  In  terms  of  volume  percent 

d^is“fli“  us e?in°ihifsmd i  ’’VS  7"' o'''  'o'*®'  flammability  limit  for  the  number  2  ' 

aie®ei  fuel  used  in  this  study  is  about  0.7  percent  based  on  a  molecular  formula  of  C 

Unfortr  ^f^l®®fK '®  properties  to  fuels  such  as  F76  and  kerosene 

rt  «n  braS^otedlhL'f  i%r‘’!?n^  “f  ?  for  all  of  these  fuels.  However, 

can  be  accepted  that  a  LFL  of  0.6  to  1 .2  is  typical  as  illustrated  by  the  data  in  Fig.  30. 

fuei^OT  ooorovtoiuifnTv  “f®  '“"Of  ®n®  0PP®r  flammability  limits  for  diesel 

ob?prL!sH^n  fh  f!i^  °  '■®®P®'=<'vely.  The  critical  fuel  mass  fraction  of  0  16 

observed  in  this  study  is  considerably  higher  than  the  LFL  of  0.03  The  reason  that  the  critical 
fuel  ma®®  fraction  does  not  equal  the  LFL  is  two-fold.  The  LFL  is  basedTa  mlxt  J^^^ 

omd^fv^Hh  the  critical  fuel  mass  fraction  consists  of  fuel  in  combustion 

system  The  ^ck?raft°^P^'^  second  reason  is  that  the  LFL  corresponds  to  a  pre-mixed 
flaml  Thr  phenomenon  consists  of  mixing  of  two  flow  streams  to  form  a  diffusion 

^he  g?ses TX  ®  '"®l  f"®®®  'f®cti®n  greater  than  the  LFL,  such  that 

as  me  gases  mix  the  fuel-air  mixture  will  be  equal  to  or  greater  than  the  LFL  If  a  mixture  eon 

^  would  not  be  able  to  ignite  because  as  soon  as  air  is  mixed  with  the  fuel  the  orioinal 
gas  mixture  would  become  diluted  and  the  fuel  concentration  would  decrease  below  the  LFL. 

dia^m“sttoi^'  fn  rnf  3/“  "'v®"®'®"  ®®l"3  ®  ®t®hdard  flammability 

Similar  does  not  exist  exeent  7^4?®  ^®'*f  knowledge,  a  specific  diagram  for  diesel  fuel  or 

not  exist,  except  for  the  general  data  presented  in  Fig.  30.(lt  should  be  noted  that 


73 


Limit  (Vol  %} 


Hg.  30  -  Lower  and  upper  flammability  limits  in  air  of  various  hvdrocarbons 
expressed  as  a  v^m.  pement  and  on  a  mass  basis  (S Tato 
from  Drysdale  {6],  data  is  from  Zabetakis  [7]). 
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this  me^ane  diagram  is  for  illustrative  purposes  and  should  not  be  used  to  calculate  actual 
composition  for  other  hydrocarbon  fuels.)  Therefore,  Fig.  31  uses  a  diagram  for  methane  fuel 
mixed  with  oxygen  and  nitrogen.  The  flammability  diagram  consists  of  three  axes  representing 
he  concentration  of  fuel  (methane),  oxygen,  and  nitrogen.  Each  axis  shows  the  concentration 
Of  each  of  the  three  constituents  from  0  to  100%  by  volume.  Although  presented  in  percent 
volumeter  standard  practice)  the  axes  can  be  interpreted  as  mass  fraction  since  the  values 
are  directly  proportionate  to  the  ratio  of  constituent  molecular  weights. 


As  can  be  seen  in  the  Fig.  31 ,  ail  mixtures  within  the  designated  envelope  are  flammable 
(explosive).  For  mixtures  with  fuel  and  oxygen  only  (the  left  axis  is  a  line  of  0%  nitrogen)  the 
diagr^  indicates  that  the  LFL  and  UFL  correspond  to  6  percent  and  60  percent  fuel, 
respectively.  The  envelope  originating  at  these  points  designates  the  flammable  mixtures  of 
fuel  in  o^gen  and  nitrogen.  The  line  from  point  A  to  the  apex  of  the  diagram  is  a  line  of 
cc)nstant  proportionality  between  oxygen  and  nitrogen  corresponding  to  air.  It  follows  that  any 
mucture  of  methane  and  air  will  fail  along  this  line.  The  points  at  which  the  line  intersects  the 
flammability  envelope  correspond  to  the  LFL  and  UFL  of  methane  in  air. 

Consider  a  fire  compartment  that  has  been  depleted  of  oxygen,  and  thus,  the  fire  has 
^in^guished  The  fuel  source  may  or  may  not  have  been  secured.  The  flammability  diagram 
Nwll  be  used  to  illustrate  the  two  primary  conditions  that  can  be  created  in  the  fire  space 
depending  on  the  amount  of  unbumed  fuel  that  is  volatilized  in  the  space.  The  combustion 
pro  ucts  are  represented  by  nitrogen.  Point  B  designates  a  mixture  of  10  percent  fuel  and  90 
percent  nitrogen.  Une  B-A  shows  the  varying  mixture  compositions  that  will  be  created  if  a  door 
to  the  space  was  opened  allowing  fresh  air  to  flow  into  the  compartment  and  mix  with  the 

PO'f’*  B.  Since  this  line  does  not  intersect  the  flammability  envelope, 
a  flammable  mixture  will  never  be  created,  and  thus,  an  explosion  cannot  occur. 

Point  C  represents  an  initial  mixture  of  18  percent  fuel  and  82  percent  nitrogen 
(i.e.,  cornbustion  products).  Line  C-A  shows  the  varying  mixture  compositions  that  will  be 
CTeated  If  a  door  to  the  space  was  opened  allowing  fresh  air  to  flow  Into  the  compartment  and 
mix  with  the  composition  designated  by  point  C.  Since  line  C-A  is  tangent  to  the  flammability 
nvelope,  it  represents  the  minimum  fuel  mass  fraction  necessary  to  obtain  a  flammable  mixture 
once  rnixed  with  air.  Therefore,  for  an  initial  mixture  of  fuel  and  nitrogen  only,  the  critical  fuel 
mass  fraction  corresponds  to  that  at  point  C.  As  can  be  seen  from  the  diagram,  any  mixture 

(®  9-  '■®sult  in  a  flammable  mixture 

after  it  is  mixed  with  sufficient  air.  This  is  illustrated  by  the  intersection  of  line  D-A  with  the 
flammability  envelope. 

Illustration  (Fig.  31)  demonstrates  the  concept  of  a  critical  fuel  mass  fraction  for 
an  initial  mixture  containing  fuel  and  combustion  products  with  no  oxygen.  This  scenario  is 

®  backdraft  work  performed  in  this  study.  However,  it  is  reasonable 
Rn  Pi?  fnay  anse  in  which  oxygen  concentrations  are  not  zero.  Comparison  of 

g.  32  to  Fig.  31  illustrates  the  relationship  between  the  critical  mass  fraction  and  the  initial 

Is  Similar  to  Fig.  31  except  it  shows  initial  mixtures  with  oxygen 
concentrabons  of  10  percent.  The  dashed  line  between  the  point  at  10  percent  oxygen  (bottom 
axis)  and  90  percent  methane  (left  axis)  represents  all  mixtures  consisting  of  10  percent  oxygen. 

®b°ve  for  Fig.  31.  point  C  is  the  mixture  corresponding  to  the  critical 
the  mixtures  with  10  percent  oxygen.  In  this  example,  10  percent  methane  is 

the  minimum  fuel  concentration  necessary  to  develop  an  explosive  mixture  once  it  is  mixed  with 
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Fig.  j  1  A  typical  fla^abihty  diagram  showing  the  possible  mixture  compositions 
tlmt  can  result  from  mixing  air  with  one  of  three  initial  mixmres  (B,  C  and  D) 
ot  methane  and  nitrogen  with  zero  percent  oxygen  (for  illustration  only). 
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omH  2lll  concentrations  less  than  10  percent  (e.g.,  Point  B)  will  never 

the  the  fact  that  the  line  B-A  does  not  intersect 

t^ammability  envelope.  Initial  mixtures  with  fuel  concentrations  greater  than  10  percent  can 

Ke“  s^^  ‘^y  '-®  t>A  Which 

eonr!?nt«ii«n”'^  ^ow  the  critical  fuel  mass  fraction  will  decrease  as  the  oxygen 

f  "'T'® examples,  the  critical  fuel  conSration 

Li  ,  ®  bounding  case  as  it  represents  the  maximum 

f  '^f  cntical  fuel  fraction.  Therefore,  according  to  the  results  of  these  tests  a 

"®®^y  *^®  ''®'‘^®  Since  the  o!^gen 

concentrations  were  near  zero  (0.5  to  1%  vol.). 

ThirSSri!  was^Derfomli‘hv®n '®’  ? backdraft  explosions. 

JeferenceTsil  ^The?fm3^M  ®^“®®  "'®^*’®"®  ®  enclosure 

hu  °  ■  ^^®  enclosure  measured  1.2  m  by  2.4  m  by  1.2  m  high  (4  bv  8 

vwrk  A  m^et?a^?bSmtV°  about  10  percent  of  the  size  (volume)  of  the  spaces  studied  in  tWs 
vwrk.  A  methane  burner  was  ignited  within  the  closed  enclosure.  The  fire  would  extinguish  as 

!o  fl3"a“e"SSff r' ''®  '’^®  The  'uel  wal^lc^ 

anf<i  A  ?  after  extinguishment  at  which  time  a  hatch  was  opened  at  one  end  of  the 
enclosure.  An  electric  spark  positioned  near  the  burner  was  used  as  aSion  soCme  1?e 

Sw'irone  sidt'of  the*'’*  'Pe  compartment  were  visible  through  a  glass 

wndow  in  one  side  of  the  enclosure.  Two  vent  configurations  were  studied-  (1)  a  horizontal 

H!  Py  (2)  a  window-style  opening  0.4  m  by  0  4m  both  * 

centered  on  the  short  wall  of  the  compartment  at  the  opposite  end  from  the  burner. 

"show  m?Uhe"Svdrirl,?®*^  ""P  '^®  ''®SU'tS 

tfoc^ur  wien^  concentration  must  be  >10%  [by  mass]  in  order  for  a  backdraft 

10  occur.  When  the  HC  concentration  is  <10%  the  flame  travel  is  slow  and  the  comoartment 

and  thT  hf'  concentration  increases  the  compartment  o^verpressure 

lower  criflil  lei  ®®''®^®  "  '^''®  '■®®'"*®  ^eischmann  indicate  a 

enclsureflflh  ?•?  ^  observed  in  this  study  for  backdrafts  in  full-scale 

Tho^fn^*^  *^P.u  °P®"'og  (i-e.,  a  door  instead  of  a  raised  horizontal  slot) 

^0  the  oxygen  concentrations  within  the  compartments  Average 

TmS  c^.3„"  dpprcxima.sly  lXm  wher^ If  me 

S  *  Sftmted  2S!r®.'h  r  •®®‘®  "®'’®  be  aPoul  10  percent  or 

rT/.'.i.^f..  '  31  and  32  gas  mixtures  with  higher  oxygen 

concentrations  require  lower  levels  of  fuel  to  create  an  explosive  condition. 

shows  setected  data  from  Fleischmann's  experiments  (reference  (8))  for  tests  of 

Presented  in  the  Table  is  the  fue  flow  rate  the  mass  fraction 

If  *"  ^^®  “PP®^  '®y®^  *^®  of  oxygen,  the  ignitSn  detey 

time,  the  peak  pressure,  and  the  estimated  fire  ball  size.  In  compan^g  the  data  Ir^he 

®  •^®  ®'^®‘‘®'’'^ridow  opening,  it  can  be  seen  thl  backdrafts  were  more 

difficult  to  create  with  the  window  opening.  Despite  relatively  high  fuel  mass  fractions  of  0  15  to 


#r«^-  '^^®  Fleischmann  are  estimated  since  he  presented  all  soecies  data  as  mass 

fSvlMayeS^  Thto/^®  slightly 

fraction  of  0  1 1  and  an  nc  olumetnc  concentration  has  been  calculated  based  on  a  mass 

fraction  of  0.11  and  an  assumed  molecular  weight  of  the  gas  composition  of  26  g/mole. 
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Fig.  32  -  A  typical  flammability  diagram  showing  the  possible  mixture  compositions  that 
can  result  from  mixing  air  with  one  of  three  initial  mixtures  (B,  C  and  D)  of 
methane  and  nitrogen  with  ten  percent  oxygen  (for  illustration  only). 
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0.18,  five  window  opening  tests  did  not  result  in  a  backdraft  with  a  fire  ball.  The  small  peak 
pressures  for  these  tests  indicate  that  there  was  a  deflagration  although  minor  in  intensity.  The 
gas  temperatures  and  oxygen  mass  fractions  for  the  window  opening  tests  were  essential  the 
same  as  those  of  the  horizontal  slot  tests.  Therefore,  there  was  no  apparent  differences 
between  test  scenarios  except  for  the  vent  configuration.  These  results  indicate  that  the 
manner  in  which  a  space  is  ventilated  impacts  the  probability  of  creating  an  explosive  condition 
It  IS  uncertain  whether  the  mitigating  effect  from  the  window  style  vent  is  due  to  a  reduction  in 
Stte  or  due  to  the  different  geometry.  The  smaller  size  vent  decreases  the  mass  flow  rate  into 
the  enclosure.  This  is  reflected  in  the  longer  ignition  delay  times.  The  reduced  flow  may  limit 
the  size  of  the  mbdng  region  which  reaches  a  flammable  level  at  the  point  of  ignition  thus 
causing  a  weak  deflagration  that  is  unable  to  form  an  explosive  fire  ball.  It  is  unclear  how  the 
change  in  geometry  compared  to  the  change  in  size  effects  the  large  scale  vortices  (i  e  the 
entrapment  process)  compared  to  the  small  scale  vortices  that  impact  the  localized  mixing  of 
the  fluid  streams.  Further  work  in  this  area  is  warranted  to  determine  the  most  appropriate 
m^ns  to  vent  and  reenter  a  Class  B  fire  space.  Several  of  the  issues  that  need  to  be 
underetood  include:  (1)  does  it  matter  if  the  space  is  vented  from  above  rather  than  below  or 
froia  the  side  (i.e.,  through  a  door)  and  (2)  does  the  size  of  the  reentry  pont  (a  hatch,  a  door  a 
scuttle)  significantly  effect  the  mixing  of  gases,  and  thus  the  formation  of  an  expiosion. 


Table  14.  Selected  results  from  Fieischmann  [4]  for  methane  backdraft 
_ _  experiments  in  a  reduced^scaie  enclosure 


Fuel  Flow  (kW) 

■■ 

Ignition  Delay  (s) 

Fire  Bali  i 

(Pa) 

(m)  ; 

200 

0.10 

0.04 

6.27 

8 

1 

72 

0.10 

0.09 

5.27 

4 

0 

72 

0.12 

0.11 

5.36 

6 

2 

200 

0.13 

0.04 

4.27 

14 

0 

72 

0.14 

0.11 

6.43 

9 

2 

72 

0.16 

0.11 

6.63 

28 

3 

69 

0.16 

0.11 

5.47 

43 

3 

69 

0.19 

0.11 

(3.7) 

73 

4 

69 

0.19 

0.12 

5.40 

43 

4 

77 

0.20 

0.11 

5.67 

40 

4 

71 

0.20 

0.11 

5.63 

33 

4 

73 

0.21 

0.12 

(3.63) 

50 

4 

68 

0.22 

0.12 

5.70 

49 

4 

70 

0.22 

0.12 

6.60 

39 

4 

200 

0,24 

0.05 

6.73 

22 

2 

200 

0.29 

0.06 

(4.33) 

8 

0 

200 

0.29 

0.06 

5.27 

36 

4 
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Table  14.  Selected  results  from  Fleischman  [4]  for  methane  backdrafl 
experiments  in  a  reduced-scale  enclosure  (continued) 


VWndow  Opening  || 

Fuel  Flow 
(kW) 

^  .  (LL) 

Y  Ul 

HC 

m 

UL:. .. 

Yo, 

Ignition  belay 
(s) 

Prri*  " 
(Pa) 

Fire  Beit 
(m) 

70 

(0.02) 

(0.17) 

25.50 

14 

0 

70 

(0,03) 

(0.16) 

25.00 

115 

4 

70 

(0.04) 

(0.15) 

30.40 

102 

4 

70 

0.15 

0.11 

10.33 

2 

0 

72 

0.17 

0.11 

15.00 

13 

0 

72 

0.18 

0.11 

20.47 

9 

0 

72 

0.18 

0.11 

15.03 

22 

0 

72 

0.18 

0.11 

15.00 

189 

4 

75 

0.19 

0.11 

20.13 

82 

4 

74 

0.20 

0.11 

20.00 

258 

5 

73 

0.20 

0.11 

25.27 

213 

5 

(LL)  indicates  lower  layer  measurement,  all  others  are  upper  layer 


7.2  Buffer  Zone  and  Ventilation  Conditions 

buffe?  zonelor  R  desmoking  can  safely  improve  tenability  of  the 

zonf  the  temperature  within  the  buffer 

and  b Ppf  r  buffer  zone  was  closed  via  smoke  curtains 

from^67°cll53^°FWo^^^^^  Buffer  Zone  configuration,  there  was  a  SO^C  increase 

dftrtr*  nnanin  K  •  i.  *  ^  ^  spaco  was  Changed  from  being  fully  ventilated  with 

SSSnaf  ThP  ’ with  smoke 

SmnLrplMrl^  Smaller  buffer  zone  configurations  were  observed  to  have  even  higher 
temperature  nses  for  the  same  change  of  ventilation  conditions. 

can've  usS^effertJifprr  Class  A  FDE  testing  has  shown  that  active  desmoking 

can  be  used  effectively  to  improve  conditions  for  firefighters  (references  (9-11))  However  there 

fl^mable  gases  and,  thus,  remote  ignition  away  from  the  fire  space.  During  the  test  series 

fi’’®  ®P®®®  as  remote  ignition 

"h™  allhough  In  no 

,  «'at  , holler  zones  in  Class  B  Fires  can  be  desmoked  salely.  In 

lual  vaeiors  rathpr  *°  '^.^”*'131®  a  Space  as  soon  as  possible  to  prevent  the  build  up  ol 

tuel  vapors  rather  than  secure  the  space  which  can  potentially  create  a  lueMch  environment. 
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Decreasing  the  buffer  zone  size  did  not  prevent  backdraft  explosions  from  occurring.  On  the 
contrary,  the  test  results  demonstrated  that  decreasing  the  size  of  the  buffer  zone  increased  the 
intensity  of  a  Class  B  explosion  originating  from  within  the  fire  space.  As  was  shown  in  Fig  25 
the  peak  temperature  rise  In  Buffer  Zone  EGR  was  about  30“C  (86T).  Tests  with  the  smallest 
observed  to  have  substantially  higher  peak  temperature  Increases  of 
ITO  c  (338  F).  The  Series  3  to  5  results  also  demonstrate  that  decreasing  the  size  of  the 

buffer  zone  space  Increases  the  explosion  overpressure  between  the  fire  space  and  the  buffer 
zone. 


For  a  given  size  buffer  zone,  the  results  show  that  securing  the  boundaries  (i  e  creating  a 
dead-air  spaw)  also  increased  the  Intensity  of  a  Class  B  explosion  originating  from’  within  the 
fire  spac».  This  was  illustrated  in  Fig.  31  which  showed  the  effect  of  securing  buffer  zone 
boundaries  on  the  development  of  Class  B  explosions  in  tests  with  Buffer  Zone  EGR  The 

temperatures  increased  by  about  32'’C  (90T)  for  fully  ventilated  tests  to  68»C 
o  «  closed  boundaries  and  no  ventilation  (i.e.,  dead-air  space).  The  results  of 

Buffer  Zone  1  tests  also  show  the  same  distinct  increase  in  the  thermal  blast  to  the  buffer  zone 
when  It  IS  made  a  dead-air  space  rather  than  keeping  boundaries  open.  This  study  suggests 
that  the  underlying  premise  In  NSTM  555  for  creating  a  "dead-air  space"  in  the  buffer  zone  is 
not  valid.  Recall  that  Section  6.3.7.2  of  NSTM  555  (reference  (3))  states  that  establishing  the 
dead-air  space  buffer  zone  is  important  due  to  the  possibility  of  fire  or  explosion  if  hot 
combustion  gases  from  a  Class  B  fire  mix  with  fresh  air."  It  is  clear  from  this  work  that  creating 
a  dead-air  space  does  not  necessarily  prevent  or  even  mitigate  an  explosion  or  reflash  from 
occumng.  The  mixing  of  air  in  the  buffer  zone  and  fuel  gases  in  the  fire  space  is  driven  by  the 
thermally  induced  pressure  gradient  between  the  hot  fire  space  and  the  cooler  buffer  zone.  The 
weation  of  a  dead-air  space  did  not  significantly  impact  this  mixing  process  which  occurred  and 
resulted  in  a  backdraft  within  only  30  seconds  of  opening  the  fire  boundary.  Such  a  short  delay 
tirne  precludes  any  feasible  tactics,  such  as  using  a  smoke  curtain  at  the  fire  boundary  reentry 
point,  to  prevent  sufficient  air  from  mixing  with  fuel  to  form  a  flammable  mixture. 

It  may  be  rationalized  that  a  sufficiently  small  buffer  zone  would  not  contain  enough  air,  even 
If  mixed  entirely  into  the  fire  space,  to  form  an  explosive  mixture.  However,  there  are  practical 
problems  with  this  idea  as  explained  further  in  this  paragraph.  Experimental  limitations 
prevented  the  study  of  extremely  small  buffer  zones  relative  to  the  fire  space.  The  ratio  of  the 
volume  of  the  buffer  zone  to  the  volume  of  the  fire  space  ranged  from  0.57  to  5.5  for  the 
experiments  conducted.  A  study  of  machinery  spaces  on  LPD17  and  DDG-51  ships  shows  that 
vestibules  or  trunks  would  be  used  as  the  immediate  buffer  zone  for  attacking  a  fire  in  the 
machinery  space.  If  the  buffer  zone  were  limited  to  just  these  spaces,  the  volume  ratio  of  the 

°  0  °°®-  Due  to  the  relatively  small  size 

of  the  buffer  zone,  as  the  fire  space  is  entered,  the  buffer  zone  and  fire  space  atmosphere 

would  becorne  essentially  the  same.  Therefore,  opening  the  fire  space  to  the  buffer  zone  would 

iSV  !!  ^‘’®  ^^®  “"®  As  a  result,  the  potential  for  explosion  would 

not  be  averted:  the  boundary  that  separates  the  fuel-rich  atmosphere  and  fresh  air  has  just 

Size  at  which  the  limited  air  in  the  buffer  zone  could  prevent  a  potential  explosion  from  occumng 
dunng  reentry.  It  can  be  argued  that  any  amount  of  air  introduced  into  a  Class  B  fire  space 
could  locally  mix  near  the  door  or  hatch  to  form  an  explosive  mixture.  This  may  be  especially 

th  'f’te  machinery  spaces,  since  this  is  typically  the  location  of  fuel  storage 

and,  thus,  a  likely  area  to  have  high  fuel  concentrations  from  a  break  in  the  fuel  system. 

7.3  Water  Spray 

«Ario«  ®®  ^  !l?®  ^'^®  ®0'^P®rtment  venting  directly  to  atmosphere  (CBD  tests)  and  the 

senes  venting  to  confined  spaces  (ex-USS  SHADWELL  tests)  were  successful  in  demonstrating 


r% 


*1 
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that  water  injection  ran  be  used  as  a  mitigating  tactic  to  suppress  a  Class  B  explosion  or 
h^rdous  reflash.  The  effect  of  varying  amounts  of  water  injection  on  mitigating  the  backdraft 
phenomenon  was  clearly  established  in  the  Series  2  work  at  CBD.  Table  15  shows  the 

I  conditions.  That  is  each 

injection  corresponding  to  a  pre-water  injection  fuel 
mass  fraction  of  about  0.25.  Table  15  shows  that  the  strength  and  size  of  the  backdraft 
^losions/fire  balls  decreased  with  increasing  amounts  of  water  injection.  As  the  amount  of 

fSm  ^^®  ®®''®"^  backdraft  phenomenon  changed 

from^full  prevention  of  an  ignition  to  creation  of  an  explosion  with  a  fire  ball.  At  the  hiohest 
injection  level  of  13.7  kg  (3.6  gal)  of  water,  no  ignition  or  fire  occurred  at  all. 


Table  15.  Comparison  of  Series  2B  Backdraft  Tests  with  Water  Spray  Injection 
_ _  Tests  with  4.92  kg  of  Secondary  Fuel  Injection 


Test 

Mass  of  Water 
(kg) 

Volume  of 
Water  (gal) 

Outcome  of  Backdraft  Test 

B0100 

5.5 

1.45 

Fire  ball  (larger  than  B098  and  B099) 

6099 

8.2 

2.17 

Small  fire  ball 

BD98 

8.2 

2.17 

Small  fire  ball 

BD90 

10.9 

2.9 

Small  fire  ball  (4  m  extension  from  compartment) 

BD114 

10.9 

2.9 

Very  weak  pressure  pulse,  roll  out  of  flame 

6096 

10.9 

2.9 

No  flame,  no  fire  ball 

BO102 

13.7 

3.63 

No  flame,  no  fire  ball 

B095 

13.7 

3.63 

No  flame,  no  fire  ball 

B093 

13.7 

3.63 

No  flame,  no  fire  ball 

mitigating  and  eliminating  explosions  with  increasing  water  injection  into  the  fire 

^^®  ^^®'  «^®  space.  Injection  of 

Tal  ®^®®®  ''®®“  ®  ®  ^®®^®ase  in  the  fuel  mass  fraction  due  to  dilution  In 

general,  there  was  very  good  agreement  with  the  criterion  that  fuel  mass  fractions  greater  than 
0J5  are  needed  to  produce  a  backdraft  explosion.  This  result  can  be  seen  in  Table  16  which 
shows  the  outcome  of  all  backdraft  tests  with  water  spray  injection  The  tests  are  presented  in 

Sn  fr®=«on.  Y„  after  water  was  injected.  The  second 

ajiumn  in  Table  16  shows  the  fuel  mass  fraction  in  the  fire  space  before  water  was  injected  In 
all  cases,  the  fuel  mass  fraction  before  water  injection  was  significantly  above  the  critical  fuel 

0  [f®  '>y  '“el  mass  fractions  less  than 

\Am  ^  O'  jess  than  0. 16,  no  explosions  or  even  flames  out  of  the  door  occurred 

°  represent  a  transitional  range  ^Ih 

I  '  ^  *’*  file  balls.  The  thW  regime  shows  that 

Sts  SBD58  and  “eacribe  the  results  of  all  tests  except 

«r  ♦I?®  ^  SBD64  for  which  there  were  deflagrations  in  the  spaces  even  thouah  the  fuel 

mass  tractron  was  0.14.  The  reasons  tor  these  two  outliers  is  unknown.  A  dSiSlnaSiSf 
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has  sho^  that  the  temperature  and  species  concentration  measurements  are  in 
good  agreement  with  similar  tests  (SBD47  and  SBD49)  that  did  not  produce  any  deflagration. 


Table  16.  Comparison  of  Water  Spray  Injection  Backdraft  Tests 
_  with  Respect  to  Fuel  Mass  Fraction 


f-'r;. 

y,  before 
water 
injection 

Test 

Volume  of  Water 

(U 

i(gai) 

Outcome  of  Backdraft  Test 

0.14 

0.24 

BD93 

13.7 

3.6 

No  flame,  no  fire  ball 

0.14 

0.24 

BD95 

13.7 

3.6 

No  flame,  no  fire  ball 

0.14 

0.25 

BD102 

13.7 

3.6 

No  flame,  no  fire  ball 

0.14 

0.19 

SBD47 

8.9 

mm 

No  flame,  no  fire  ball 

0.14 

0.19 

SBD58 

8.5 

2.2 

Small  fire  ball 

0.14 

0.20 

SBD64 

9.8 

2.6 

Roll  out  of  flame  under  soffit 

0.15 

0.19 

SBD49 

5.9 

1.6 

No  flame,  no  fire  ball 

0.15 

0.24 

BD96 

10.9 

2.9 

No  flame,  no  fire  ball 

0.16 

0.25 

BD114 

10.9 

2.9 

Very  weak  pressure  pulse,  roll  out  of 
flame 

0.16 

0.25 

B092 

13.7 

3.6 

Very  slight  pulse,  long  ignition  delay 

0.16 

022 

BO90 

10.9 

2.9 

Small  fire  ball  (4  m  extension  from 
compartment) 

0.16 

0.25 

BD89 

10.9 

2.9 

Small  fire  ball 

0.17 

025 

BD98 

8.2 

2.2 

Small  fire  ball 

0.17 

0.25 

B099 

8.2 

2.2 

Small  fire  ball 

0.19 

0.25 

BD100 

5.5 

1.5 

Fire  ball  flarqer  than  BD98  and  BD991 

A 


Overall,  the  test  results  indicate  that  the  use  of  water  spray  suppresses  a  Class  B  exolosion 

rihemafmrtf atmosphere  and  reducing  the  fuel  mass  fraction  rather  man  by 
of  cooling.  Further  evidence  for  this  conclusion  can  be  found  in  the 

llwiTr! reprinted  here  for  convenience.  The  initial  gas 
mixture  (without  water)  in  the  fire  compartment  can  be  represented  by  point  D  The  fuel 

me"Se  Mrli°DartS  as  air  is  introduced  into 

the  fire  compartrnent  (line  D-A),  an  explosive  mixture  will  be  created.  Due  to  the  hioh 

(>300°C),  it  is  reasonable  to  assume  that  all  water  injected  is 

steam  can  be'^ateri’  he  treated  as  an  inert  gas.  For  the  purpose  of  illustration,  the 
ste^  can  be  treated  as  though  it  were  nitrogen  (i.e..  the  right  axis  could  be  any  inert  oas)  The 

toward  DofniTB®  A  compartment  is  equivalent  to  moving  down  the  right  axis  from  point  D 

n  an  LErfn  ^  ^'•®  ‘  ^'^®  fraction)  will  not  result 

in  an  explosion  as  air  mixes  with  the  fuel-rich  fire  compartment  gases  (e.g.,  line  B-A). 
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water  spray  Injection  can  be  seen  in  Fig.  33.  This  Figure  shows  two 
plote  of  the  vertically  averaged  temperatures  within  the  fire  space  for  a  test  with  and  a  test 

represent  the  temperatures  measured  at 
locations  3-16-2  and  3-17-1.  respectively,  for  tests  SBD46  and  SBD47.  There  is  very  good 

?®  temperature  profiles  of  both  tests.  The  rapid  rise  in  the  temperature  at 
®  backdraft  explosion.  As  noted  on  the 

Figure,  this  themal  spike  occurs  after  the  door  is  opened.  The  test  vrith  water  injection  did  not 
®^P'°sion  as  evidenced  by  the  absence  of  a  temperature  rise  after  the  door 
wes  opened.  The  data  illustrate  the  minor  thermal  affect  water  injection  had  on  the  fire  space. 
uHih^nH  temperature  difference  before  the  door  was  opened  between  the  test 

k?Pi*f  water  injertion,  (i.e.,  the  temperature  at  the  times  denoted  with  arrows 

LnaS  ‘V?-  water  injection,  the  temperature  In  the  fire 

space  decreased  relatively  quickly  during  the  time  of  water  injection  from  1205s  to  1265s 
However,  within  the  60s  between  securing  the  water  injection  and  opening  the  fire  door  the 
average  temperature  increased  about  40X.  such  that  it  was  equivalent  to  the  average  ’ 
temperature  in  the  fire  space  for  the  similar  test  without  water  injection.  Therefore,  these  tests 

the  hl^l5?piri^^fmrfn  ®  9®®  cooling  effect  due  to  the  water  Injection.  As  a  matter  of  fact, 

the  bulkhead  temperature  measurements  for  the  tests  shown  in  Fig.  33  indicate  equivalent  or 
even  slightly  higher  temperatures  for  the  test  with  water  addition.  ^ 

IT  "*^11®  that  water  injection  caused  a  minimal  thermal  effect  is  further  illustrated  in  Table 
17  which  ^ows  the  average  fire  compartment  temperature  for  similar  tests  with  and  without 
water  injection  for  tests  in  which  water  prevented  a  backdraft  explosion.  The  temperatures 
presented  repres®nt  a  10  second  average  of  both  thermocouple  trees  within  the  fire  space  prior 

IhIiv  ^'’®  opened.  In  general,  the  temperature  decreased  about  35'’C  due  to  water 

addition.  Of  more  importance  is  the  fact  that  even  with  water  Injection,  the  fire  space 
temperatur®s  were  t^ically  greater  than  300X.  The  autoignition  temperature  for  diesel  fuel 

®'"®®  “^®  ^e'Tiperature  for  similar  fuels.  JP5  and  kerosene,  are 

ateraoe  rnmnfrtmf  '■®®P®®*'''ely.  Therefore,  all  the  tests  with  water  injection  had 

compartment  temperatures  greater  than  the  autoignition  temperature  (AIT)  for  the  fuel, 
^e  fact  that  all  tes  s  had  temperatures  greater  than  the  AIT  and  only  tests  with  fuel  mass 
fractions  of  0. 1 5  or  less  resulted  in  no  explosion,  indicate  that  the  use  of  water  injection 

fu^S  ‘^®  a‘cicsphere  and  reducing  the 

trmTnx/  firo  fShfl?  conclusion  may  seem  counter-intuitive 

many  fire  fighters  who  have  been  taught  to  fight  a  fire  by  knocking  down  the  overhead 

SSSlnT  to  finhSV  f ’’T  pertains  to  preventing  explosions,  not 

W  ^9hting  a  fire,  it  is  advantageous  to  reduce  the  overhead  gas  temperature  in 
om®r  to  reduce  radiant  feedback  to  the  fuel  source.  This  tactic  will  aid  in  controlling  and 

nnrltlnii'ftf  fhf  S®  ^'^®‘  •^  •^cceral,  a  greater  reduction  in  the  gas  temperature  will  lead  to  greater 
control  of  the  fire  via  minimizing  its  size.  With  respect  to  explosion  prevention  in  these  tests  the 

switch  which  either  allows  a  backdraft  to  occur  if  the  gas 
temperature  is  above  the  AIT  or  inhibits  the  backdraft  if  the  gas  temperature  is  below  the  A^. 


85 


Table  17,  Comparison  of  Average  Fire  Compartment  Gas  Temperatures 
for  Similar  Tests  with  and  without  Water  Injection  for  Tests 
_ _ in  which  Water  Prevented  a  Backdrafl 


Test  VI 

lithout  Water 

Test  with  Water 

;;l||ferhperature'?;:; 

Test 

Temperature  ('C) 

Test 

;  Temperature  (''C) 

:  Change  due  to 
Water 

B094 

348 

BD93 

276 

72 

BD97 

346 

BD95 

311 

35 

B097 

346 

BD96 

310 

36 

BD101 

373 

B0102 

329 

44 

SBD46 

389 

SBD47 

383 

6 

SB046 

389 

SBD49 

356 

33 

8.0  SUMMARY  AND  CONCLUSIONS 

TTie  use  of  Class  B  fuels  aboard  Naval  ships  presents  unique  challenges  when  accidental 
^aks  and/or  fires  develop.  As  opposed  to  Class  A  materials.  Class  B  fuels  tend  to  volatilize 
more  qu^ly  resulting  in  either  rapidly  growing  fires  or  the  build  up  of  fuel  vapors  within  the 
spa^.  The  primaiy  Class  B  hazard  is  the  case  in  which  the  fire  has  extinguished,  and  fuel 
TOntinues  to  vaporize  and  fill  the  space.  This  situation  can  lead  to  a  dangerous  reflash  or  a 
explosion  when  air  flows  into  the  fire  space,  such  as  during  reentry.  The  extended 
me  in  ignition,  sudden  formation,  and  the  magnitude  (energy  content)  of  the  explosion 
make  the  backdraft  condition  extremely  dangerous. 

The  wrrent  Navy  doctrine  provides  little  specific  guidance  on  reentry  of  abandoned  out-of¬ 
control  fire  spaces  and  overhaul  procedures.  This  is  despite  the  acknowledgment  that’the 

procedure  is  potentially  the  most  dangerous  procedure.  The  lack  of  specific  fire  fighting 
tactics  was  the  motivation  for  conducting  the  1995  Class  B  Firefighting  Doctrine  and  Tactics 
Program. 


on  JJ®  ^  conducted  onboard  the  ex-USS  SHADWELL  highlighted  the  conditions 
and  hazards  associated  with  Class  B  fires.  Under  burning  conditions,  the  fires  produced  high 

nnnn  •^'9'?  temperatures,  and  even  the  transport  of  flammable  gases.  Of  greater 

Mncem  was  the  susceptibility  of  Class  B  fires  to  extinguish  and  quickly  create  explosive 

ri«eT’  I  ®'^  Senes  1,  goals  of  the  program  were  adjusted  to  investigate  the  development  of 

firf  rimMrtmonf"^h mitigate  the  explosion  potential  of 
9  J  ^®''®  ^®®”  ®®®^''®'*-  report  presented  the  work  performed  in  Series 

Chesapeake  Beach  Detachment  and 


Houninn  ’  e  ®  Test  Series  2  to  5  was  to  obtain  a  scientific  understanding  of  the 

development  and  mitigation  of  Class  B  explosions  aboard  Naval  ships.  This  consisted  of  three 
mam  points;  (1)  determining  the  conditions  needed  for  developing  a  Class  B  explosion  (2) 
devSiIIIInt  of  shipboard  conditions  (e.g.,  buffer  zone  size  and  ventilation)  on  the 

Sr.  mKl!!,gS“  explosions,  and  (3)  determining  the  elfeotiveness  of  using  water  spray 
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In  general,  the  test  series  were  successful  in 


1. 

2. 

3. 


Establishing  a  safe  and  reproducible  Class  B  fire  test 
an  explosion  (backdraft), 


scenario  which  resulted 


in 


wnTfofSa^  B  fires!**''®  desmoking  can  safely  improve  tenability  of  the  buffer 


''“"‘■'atlon  and  closing  boundaries  had  no  miligalina  effect 
™  me  Class  B  explosions  for  buffer  zone  to  fire  space  volume  raS  al?  ir 


4. 

5. 

6. 

7. 


Showing  that  decreasing  me  size  of  the  buffer  zone  increased 
Class  B  explosion  originating  from  within  the  fire  space, 


••  iidioiiy 


Showing  that  securing  buffer  zone  boundaries  increased  the 
B  explosion  originating  from  within  the  fire  space, 


intensity  of  a  Class 


Showng  that  explosion  intensity  Is  more  dependant  on  buffer  zone  boundary 
conditions  rather  than  buffer  zone  ventilation,  ^ 


Ss“b"(n‘o  5  dtelS  ‘’■S'’®'’  "a®"'®''  'o'-  *0  creation  o 

percent  oxygen)  *  “a'®”® «liated  environments  (less  than  2 


8. 

9. 


as  a  mitigating  tactic  to  suppress 

a  Class  B  explosion  or  hazardous  reflash,  and 

spray  suppresses  a  Class  B  explosion 
pnmanly  by  means  of  diluting  the  atmosphere  and  reducing  the  fuel  mass 
fraction  rather  than  by  a  thermal  mechanism  of  cooling 


9.0  RECOMMENDATIONS 

This  study  of  Class  B  fires  aboard  Naval  ships  has  identified  several  kev  naramotore 
hafalso  been  shown  that“  e  cn!^^^  ma«'frSnT.t*The°Sum^^ 

concentration.  These  measurements  would  provide  firefiahterc  tho  inf/srr*%«4*  ^  .1  ^  • 

a  pivotal  assassmant  of  tha  potantial  hazard  of  mentaring^r  Incor^aSlran^^^^^ 

The  program  has  also  shown  that  buffer  zones  of  cia<5<s  r  firoe  t  ,  ..... 
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e^^veness  of  ventilating  not  just  the  buffer  zone  but  the  fire  space.  Particularly  for  main 

weather.  This  procedure  should  be 

combined  vwth^ter  spray  injection  into  the  fire  space.  The  water  spray  will  serve  two 

«Xs*ion  DoteS°'in*^rf? P.^09ram,  water  spray  can  be  used  to  mitigate  the 

vent  fuel  ri^  aasas  steam  can  be  used  as  a  driving  mechanism  to 

i2l  ®  weather.  Otherwise,  to  successfully  ventilate  a  fire  space,  make-up  air  is 

S^avoided^  *^®  ®P®°®  ‘s  the  hazardous  procedure  which  Is  trying  to 

!?  ''®"^''®*®  ^‘’®  SP®®®  ^ot  intended  to  preclude  the  current 

sS  ffri  out-of-control  Class  B  fires.  However,  it  is  considered  to  be  a  more 

5K  ToJ^rS  twl  Lr  ^°7®®"^®""9  overhauling  the  fire  space  than  that  stated  in  NSTM 
f  "®®‘^  ‘^®  '‘®«"®P  tested.  Based  on  the 

^  injection  technique,  it  is  recommended  that  the  effectiveness  of  an 

Sf  wteblisWno  nieS  British  Na>jr.  be  investigated.  The  water-wall  tactic  consists 

or  estebhshing  a  sheet  of  water  across  a  hatch  or  door  via  fixed  flat  spray  nozzles  It  Is 

oroleafm*te  'H  spraying  water  into  the  space  will  provide  adequate 

AtteSSir.lM*  "Sitters  by  suppressing  or  mitigating  explosions  and  dangerous  reflashes’ 
^emate  tactics  may  include  the  use  of  smoke  curtains  at  the  access  to  tto  Are  space 
However,  this  may  not  always  be  practical  due  to  geometry  and  space  limitations.’ 

loc^on  o'!  the  vtnM^'!i!®  "''“"5“  sPProP™te  ventilation  and  reentiy  tactics,  the  size  and 
Sed  mt  ner  ^  Considered.  The  backdraft  work  by  Fleischmann 

ntsnner  in  which  a  space  is  ventilated  impacts  the  probability  of  creating  an 

S?Sr'ni?"’"lf  "■  !  'f  “"“''c'"  wi'cit'cr  liifl  mitigating  effect  observed  by  Heischmann  with 

J’"'  "  '“"5  »'«•  “  «>'«  '0  a  faCuction  in  size  or  du™  He 

SeS  msm  Md  ^  aa'iainment  and  the  mixing  processes  of  the 

the  us?or“4"t«u?d 
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